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Abstract
The fields of modern energy conversion, e.g., fossil fuel, natural gas, and coal power plants,
are in increased need of health monitoring and data collection (temperature, pressure, and flow
rate) to improve process efficiency and satisfy the demand for clean energy. In situ process
monitoring can lead to a robust automated system to achieve the goal. The monitoring equipment
or sensors in energy systems components (e.g., pressure tube, turbine blade, and fuel injector)
undergo high temperature, high pressure, and corrosive environments; for example, combustion
inlet conditions can reach up to 810 K and 2760 kPa [1]. Therefore, a reliable, accurate, and
durable monitoring system is necessary that can withstand the requirements for operating in harsh
environments. Wired or wireless sensors used in energy systems are typically bonded to the
components or placed inside the cavities at targeted areas (e.g., flanges, connectors, and injectors).
Placement of the sensor using these methods may require alterations to the design of the
component that can affect the sensor’s efficiency and increase its design complexity. In some
cases, it could be difficult to access the inward areas of the component at which process monitoring
is required. Moreover, a sensor’s life can be reduced through its exposure to corrosive
environments of high temperature and high pressure for a prolonged time.
This research primarily focused on the design and fabrication of smart parts with embedded
piezoceramic material using powder bed fusion (PBF) additive manufacturing (AM) technology,
and on the characterization of the sensor functionality and the performance of the smart parts. The
process development and part design focused on the non-intrusive placement of a sensor within
the additively manufactured structure, which can increase the sensor’s life by limiting the contact
of the sensor to corrosive combustor environments. Additive manufacturing is well known for
fabricating complex shaped part based on computer aided design (CAD) data. The layer-by-layer
fabrication process provides the prospect of obtaining access to a predesigned sensor cavity at any
desired height for the embedding process to take place.
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To demonstrate the smart part concept, EBM AM was used to fabricate a cylindrical shaped
part where a piezoceramic material was embedded. A ‘stop and go’ process was developed that
included embedding of the piezoceramic material while pausing the EBM system at any desired
location during fabrication. After fabrication was complete, the functionality of the fabricated part
was evaluated using a compression-compression test. As a qualitative experimentation of the
sensor functionality, the sensor showed voltage responses with the applied force at four different
frequencies (i.e., 10 Hz, 15 Hz, 20 Hz, and 25 Hz) and obtained a highest average voltage-force
ratio of 0.53 V/kN at 10 Hz frequency level.
After finishing the proof of concept cylindrical part, a simple smart tube was fabricated
and tested for force and temperature sensing functionality. The smart tube was tested using the
compression-compression test setup and a hot air setup for demonstrating force and temperature
sensing, respectively. The smart tube showed force sensing capabilities at different loading
conditions of 1 Hz, 10 Hz, and 15 Hz using a compression-compression test and temperature
testing showed the measurement capabilities of temperatures from 150º C to 200º C using the
embedded piezoceramic sensor material.

The highest currents generated include 0.28 pA,

0.24 pA, and 0.2 pA for the three inlet conditions of 7.6 cm, 15.2 cm, and 30.5 cm, respectively.
Previously, the ‘stop and go’ process required the use of a masking plate (a stainless steel
plate was used), to work as a planar surface to continue fabrication of the smart part after
embedding the sensor material within the cavity. The start plate in regular EBM fabrication
process or masking plate in ‘stop and go’ fabrication process is necessary to avoid interaction of
electron beam with the metal powder that can create powder smoking within the powder bed and
result in failure of fabrication process. Machining of the appropriate masking plate to fit a
component can become cumbersome when fabricating a complex shaped geometry. As a means
of discarding the use of the masking plate, a build scan pattern was developed, that allowed to
restart the fabrication process after a pause, therefore allowing increased flexibility for the
geometry of the part to be fabricated. The tensile properties of the specimens fabricated using
‘stop and go’ process was evaluated and compared with the default or control specimens. The
vii

tensile properties are indicative measures for obtaining the bonding strength of the interface
created by the ‘stop and go’ fabrication process that helps in determining the applicability of the
process for other engineering applications.
While the EBM ‘stop and go’ process is performed, there is a need for accurate part
registration. In the first part of this work, an IR camera-based image analysis process was explored
for part positioning. Typically, the embedding process requires the removal of the base part from
the powder bed, which creates part alignment issues when restarting the fabrication process. A
beam positioning method was developed that allowed centering of the electron beam
corresponding to the part within the powder bed after a fabrication pause was performed. This
method was based on the calculation of the centroid position of the area of the paused surface
layer. Furthermore, a procedure was also developed to calculate changes in the angular
displacement of a part, before and after resuming fabrication, which allowed to reorient the part in
the CAD followed by the build file preparation software previous to resuming fabrication to
minimize part deviation. To evaluate the efficacy of procedures for part alignment mentioned
above, a part registration study was performed which consisted of cylindrical part and rectangular
prism to demonstrate accurate positioning of the part after pausing the system. A maximum
misalignment of 0.17 mm and 0.87 mm was obtained for cylindrical part and rectangular prism,
respectively that underwent ‘stop and go’ fabrication process.
Finally, a smart injector was fabricated using a laser powder bed fusion (LPBF) technology
employing the ‘stop and go’ fabrication process. The main reason for employing LPBF for
fabrication of the smart injector was the easy removal of metal powder from the internal channels
and cavities in compare to the EBM fabricated parts. The LPBF technology does not require
powder preheating steps that can partially sinter the metal powder in the powder bed unlike EBM
fabrication process. The smart injector was tested in a combustion chamber that reached up to
~120º C to show the operative capability of a prototype smart part in harsh environments
traditionally experienced by energy systems. In conclusion, this work resulted in the development
of the ‘stop and go’ fabrication process using PBF AM technologies, demonstrating the viability
viii

of this technique for producing multi-functional metallic components with applications in the
manufacturing, aerospace, energy, automotive, and biomedical industries. This research will serve
as a stepping stone for the future development of larger and higher complexity smart systems.
The sensing responses from the smart parts can be used in obtaining the structural health
monitoring while in operation. The future developments can include improvement of build
parameters to obtain an improved interface joint in compare to traditional joining methods (e.g.,
welding and adhesive). A similar fabrication approach that of ‘stop and go’ can also be employed
in repair and multi-material fabrication processes that can be a pathway for future applications
using metal based AM technologies. The part positioning method can be employed in other AM
based technologies to advancing the embedding, multi-material and hybrid AM fabrication
processes.
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Chapter 1: Introduction
1.1 Research Motivation
Additive manufacturing (AM) technology is advancing from its historical use in rapid
prototyping and rapid product development to the fabrication of end use parts. This transition has
enabled AM parts to be used in the aerospace, automotive, medical, nuclear, and power generation
industries. The benefit of fabricating complex shaped parts that have the required mechanical and
metallurgical properties makes AM fabricated parts well appreciated in the engineering
applications. Recent advancement in AM technology includes sensor embedding, multi-material
fabrication, and hybrid manufacturing processes [2], [3], [4]. The use of AM techniques can
provide the means for producing the next generation of components that display additional
functionality beyond providing structural stability or strength. The combination of AM with
sensor embedding can advance the current sensing technologies to a component level focusing on
new sensor design. The embedding of sensors can boost the present monitoring systems by
providing in situ and real-time sensing in critical and hard to reach locations within a manufactured
component. In turn, these advancements in monitoring technology, can be used in obtaining
optimum operation level, higher efficiency, and processing parameters in energy systems.
Moreover, the sensor response can potentially retrieve the information of the component’s health
during operation that can prevent any kind of catastrophic event.
This research focuses on the use of a modified AM process for the fabrication of energy
system components with embedded piezoceramic sensors. The high pressure and high temperature
conditions (for example, combustion inlet condition can reach up to 810 K and 2760 kPa)
experienced by components in energy systems require constant monitoring for safe and efficient
operation [1]. Moreover, these components typically have complex geometries such as narrow
fluid channels and curved surfaces that make it difficult to attach sensors by conventional means.
As a result, the use of AM techniques, due to the layer-by-layer fabrication methodology they
employ, can facilitate the embedding of sensors during manufacturing of complex shaped
1

components. One example is powder bed fusion (PBF) technologies, including electron beam
melting (EBM) and laser powder bed fusion (LPBF), which can allow for fabrication of such smart
structures using metallic materials. Through the use of PBF techniques, these smart components
can be produced that will have the capability for real time monitoring of critical process parameters
(such as, temperature and pressure) in harsh environments. In literature, it has been demonstrated
that the real time mentoring can improve the efficiency and lower the emission of power plants.
For example, a 0.93% improvement of efficiency and 4.72% reduction of NOx generation can be
obtained by utilizing process optimization using data obtained from operating parameters [5]. The
advanced monitoring system can increase the overall efficiency, while lowering emissions in fossil
fuel power plants including coal-gasification and gas turbine power plants, and those employing
oxy-fuel combustion[6], [7]. Moreover, the safety of the components relies largely on effective
monitoring system. For example, an increase of 10º C in temperature can double the speed of the
chemical processes within a boiler that can reduce both efficiency and operational life of the boiler
tube [8]. According to National Energy Technology Laboratory (NETL), the CO2 emissions can
be reduced 14 million metric tons by 1% heat rate improvement by employing advanced sensors
and controls in the coal fired power plants [9]. Thus, the embedding of piezoceramic sensors by
facilitating real time monitoring system can find various applications in the aerospace, biomedical,
power plants, and automotive industries.
1.2 Project Overview
The main focus of this research was to fabricate energy system components (e.g., pressure
tube, fuel injector, etc.) with embedded sensors that can function as smart parts by delivering realtime system performance feedback during operation. The smart parts can be a pathway for
performing in situ monitoring of the components that can enhance control over the energy systems
while maintaining their required functionality. In contrast, the use of more traditional sensors such
as, surface contact sensor can disturb the natural way of operation for a given component.
Moreover, data obtained from conventional surface mounted sensors may be limited since the
2

sensors are not likely placed within critical sensing areas as a result of inaccessibility to a part’s
inner structure. As a result, many assumptions must be made regarding the health of critical areas
of such components, which can lead to component failure, or require increased maintenance costs
to prevent any catastrophic event. The layer-by-layer fabrication approach enables pauses to be
triggered at discretion to insert sensors at any specific location.
The main aim of this research was to develop a method to embed piezoceramic materials
in a metallic part that can withstand high temperature and high pressure in parts fabricated using
electron beam melting (EBM) technology, a class of PBF AM technology. As a proof of concept,
a cylindrical shaped part was fabricated first to develop the process of embedding a piezoceramic
material to act as a sensor. A ‘stop and go’ process was explored that consists of pausing of the
EBM machine and embedding sensing materials at any desired location. The prototype fabricated
smart part was tested and the sensor functionality was evaluated using a compression-compression
cyclic test. Later, a smart tube was fabricated as an example of an energy system component
having an embedded sensor allowing multiple functionality by measuring force and temperature.
The ‘stop and go’ process developed for the fabrication of smart parts evolved through
several improvements to make it more robust. For example, the first version of the ‘stop and go’
process required a mask plate that consisted of a stainless steel plate that worked as a planar surface
for the fabrication process to continue after embedding the sensor material in the cavity. The mask
plate was used to eliminate the possibility of unwanted fabrication errors due to the interaction
between the electron beam and the precursor powder; with the EBM process, the charging of the
metal powder in the powder bed through irradiation with the electron beam can result in the powder
spreading in an explosion like event. This process, which is detrimental and can even compromise
the build, has been described before [10]. Nevertheless, the use of the mask plate involves CNC
machining which can be difficult for complex shaped parts and is also an additional process step.
As a process improvement, beam scan parameters were developed that enabled restarting the EBM
process directly from the powder bed without the need for the mask plate. The tensile properties
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of the interface bonding for paused builds were evaluated and compared against those of the
standard build.
The developed ‘stop and go’ process to create smart parts required removal and
reintroduction of the part into the powder bed. A registration process of the part in the build
platform needs to be performed to accurately position the part in the build platform. Any manual
process can be prone to errors in the alignment of the component before and after a pause. For this
purpose, an image analysis methodology was developed that used IR images acquired of the smart
part fabrication process. The image analysis was developed to determine the centroid position of
the part before and after the sensor embedding process. In between removing and reinsertion of
components, the electron beam was centered to the positions indicated by the centroid of the part
as detected through this method. Furthermore, an angular rotation detection was developed to
register any rotational change that could occur after repositioning the part in the build platform.
Based on the angular displacement, the part was rotated in the computer aided design (CAD)
software after the sensor embedding process prior to reintroducing the component being built into
the build envelope. The two image based procedures described above were developed to minimize
the deviation in fabricated parts. After fabrication, parts were subjected to a dimensional analysis,
using the OGP SmartScope Flash 250 (OGP, Rochester, NY) to document the part positioning
accuracy of the fabrication system. The part positioning technique described here can be employed
in advanced fabrication processes including hybrid manufacturing, multi-material fabrication, and
repair applications using AM technology to aligning the part after reintroducing the part inside the
build platform. In future, the z height adjustment due to rotation of the part in the build platform
needs to be investigated to improve the ‘stop and go’ fabrication process.
After the development of the ‘stop and go’ process in EBM PBF technology, the laser
powder bed fusion (LPBF) technique was also employed to fabricate a fuel injector as a
demonstration of a complex component meant for energy systems. The removal of powder from
the channels presented in the injector was one of the reasons to use LPBF technology. The
fabricated injector was tested in combustion environments and temperature sensing was
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demonstrated. The embedding process using AM technology can have a tremendous impact in
energy, aerospace, and biomedical industries for different components, and empowering insightful
monitoring capabilities during operation.
1.3 Research Objectives
The main objectives of this research are the following:


Develop a fabrication method, employing the EBM process, to embed a
piezoceramic sensor material in components meant for energy systems thus
creating smart parts.



Characterize the smart parts in a controlled environment to validate their multifunctionality for sensing temperature and force.



Develop the process parameter to resume fabrication directly into the powder bed
without the need for a masking plate, after a pause to embed sensor material.



Evaluate and compare the tensile properties of EBM fabricated with pauses versus
those fabricated without pause.



Develop an image analysis process to improve the registration of components
created by the ‘stop and go’ process.



Assess the sensor functionality of energy system components (i.e., smart injector)
in a combustor environment.

1.4 Outline
This dissertation is divided into eight chapters. Chapter 1 has provided the research
motivation, overview, and objectives of this research. Chapter 2 will give a literature review on
metal based AM fabrication process, piezoceramic sensing, paused build fabrication process and
fundamentals of the image analysis process that was employed. In Chapter 3, the ‘stop and go’
fabrication method of smart parts will be described. Also, an analysis of the sensing capabilities
of the smart part was performed along with the analysis of the effects on the microstructure due to
‘stop and go’ fabrication. Chapter 4 shows the force and temperature sensing of a smart tube
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fabricated using EBM technology. Chapter 5 will provide the details of the advanced ‘stop and
go’ process that were developed such that the EBM fabrication process could be restarted without
having any masking plate. The fabrication process that will be shown in Chapter 5 can be used to
effectively embed sensors into complex shaped parts. This chapter also presents the metallurgical
and mechanical testing results of the fabricated part using ‘stop and go’ fabrication process and
compared with results obtained from a standard (un-paused) build. Chapter 6 demonstrates the
part positioning method developed for ‘stop and go’ fabrication process; this includes the details
of the image analysis process, binary image conversion, edge detection technique and part
positioning technique.

The results obtained for a component fabricated following this

repositioning technique will also be presented in this chapter. In Chapter 7 the fabrication of a
smart injector using LPBF technology will be described including the details temperature
measurements obtained during the fire testing of this component inside a combustion chamber.
Finally, Chapter 8 will present the overall conclusions of this research and will provide
recommendations for future developments.

6

Chapter 2: Literature Review
2.1 Additive Manufacturing
Additive manufacturing (AM), or commonly known as 3D printing, is a fabrication process
that deposits material in a layer by layer fashion guided by digital data based on computer aided
design (CAD) model. Various AM techniques are available that allow the printing with polymer,
metal or ceramic materials [11]. The ISO/ASTM 52900 standard classified AM technology into
seven distinct categories that include [12]:


Material extrusion (material dispensed through an orifice)



Binder jetting (powder material cohesively bonded using a bonding agent)



Material jetting (selective deposition of droplets of a build material onto a solid
substrate)



Powder bed fusion (selective fusing of powder using thermal energy)



Vat photopolymerization (photo polymer resin cured using light activated
polymerization)



sheet lamination (stacking of bonded sheets)



Directed energy deposition (fusing solid materials using thermal energy while
material is being deposited).

AM technology is evolving from its early origins when it was used to build models and
prototypes, to its current use in the production of parts for aerospace, medical, and automobile
industries. Specific applications in these industries include, but are not limited to, the fabrication
of engine parts, interior trim for automobiles, parts for aircraft, and medical devices and implants
[11], [13]. The implementation of AM techniques has enabled industries to expedite the product
development process by reducing time to market, improving product quality, and reducing cost
[11]. Furthermore, complex shaped part fabrication is an added benefit of AM technology that can
be beneficial for different industries and applications.
Figure 2.1 shows the common fabrication steps necessary for AM fabrication. A generic
AM fabrication process starts by creating a three-dimensional CAD model of the desired part. The
7

CAD model is then converted into an STL file (current standard file format for most available AM
machines) which is in turn sliced into thin layered sections based on the machine’s requirements
or capabilities. Toolpath and processing parameters are selected based on the particular material
and specific machine that can be followed by the machine to fabricate a part. During this preprocessing, support structures might also be generated to enable the fabrication of any overhanging
features. These support structures can be made out of the same build material or a completely
different material, can be included in the design, based on the parts design or complexity, and the
machine’s requirements. Once the machine is pre-processed, it is loaded into the selected AM
system (that has already been setup) and fabrication follows. At the conclusion of the fabrication
step, the completed part is removed and subjected to any post-processing steps required.

CAD

Convert to .stl
format

Generating toolpath
information

Set up the
machine

Ready to use

Remove finished
part and post
process (if
necessary)

Build part

Figure 2.1. Generic AM fabrication process
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2.2 Electron Beam Melting
Electron Beam Melting (EBM) is a powder bed fusion (PBF) AM technology that is used
to fabricate metallic components by selectively fusing precursor metal powder in a layer-by-layer
fashion using an electron beam. In this process, regions of powder in the current layer are
selectively preheated, melted, and solidified, followed by the spreading of a fresh layer of powder.
During the melting step, a solid/liquid zone is created [14]. The process is repeated until each layer
is processed and the part is finished.

Figure 2.2. Schematic diagram of EBM machine
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Figure 2.2 shows the schematic diagram of an electron beam melting machine and its
associated components. Arcam AB (Mӧlndal, Sweden) adapted the technology for commercial
use to fabricate metallic parts using a high energy electron beam [14]. The electrons that form the
beam are generated through thermionic emission from a tungsten filament heated to high
temperatures by subjecting it to the flow of high density current (~11 Amps). The emitted
electrons are then accelerated through the use of a high voltage potential (60kV). After emission,
a continuous stream of electrons forms the beam, which is shaped, focused, and directed towards
the powder bed using various magnetic lenses (Figure 2.2) [15]. After the electron beam hits the
metal powder, kinetic energy turns into thermal energy to melt the powder particles. During
fabrication with EBM, the first step is the use of a defocused electron beam to preheat the powder
bed to temperatures typically ≥0.4 Tm, (where Tm is the melting temperature of the powder). The
preheating step is followed by the melting sequence that is achieved by selectively scanning the
powder bed, according to the CAD model data, using a focused and higher power electron beam.
After melting a layer of powder, a raking system deposits a new layer of metal powder of a certain
height (typically 50 μm to 100 μm). This process is repeated until the fabrication is complete. After
fabrication, several post-processing steps (e.g., hot isostatic pressing) can be used to remove
porosity, reduce surface roughness, and most importantly, to improve the mechanical properties
of the component produced [16].
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2.3 Laser Powder Bed Fusion (LPBF) Technology
Laser powder bed fusion (LPBF) technology is a metal based additive manufacturing
technology that uses laser power to melt metal powder together to fabricate metallic structure.
Figure 2.3 shows the schematic diagram of the LPBF technology. The typical LPBF technology
contains a laser mechanism, powder bed, movable build platform, powder container, overflow
container, and powder re-coater. The process starts with depositing a layer of powder material in
a start plate using the powder re-coater and typical powder layer thickness ranges from 20 μm to
150 μm. The laser melts the newly deposited metal powder according to the slicing information
obtained from the CAD model. The process continues until the fabrication process is complete.

Figure 2.3. Schematic of LPBF systems
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The entire process runs in an inert build environment by filling up with non-reactive gas (e.g.,
argon or nitrogen) in the presence of positive pressure. The non-reactive gas is constantly fed into
the system via system’s gas circulation process. The inert environment prevents the fabricated
metal parts from contamination by reactive gases (e.g., oxygen and carbon dioxide) present in the
air [17].
LPBF technology is also termed using selective laser melting (SLM), laser cusing, direct
metal printing (DMP), and direct metal laser sintering (DMLS) by different industries and
researchers. However, in this document the term LPBF was used for specifying the laser based
metal 3D system [18]. The system is adopted via different AM based companies, to name a few:
EOS GmbH (Germany), Renishaw plc (UK), SLM Solutions (Germany), 3D Systems (USA), and
Concept Laser GmbH (Germany). In this research, the fabrication of the components was
performed using a SLM Solutions 125 HL (SLM Solutions Group AG, Lübeck, Germany)
machine.
2.4 Paused Build Fabrication and Embedding Techniques
The layer-by-layer fabrication approach followed by AM techniques enables flexibility for
pausing and altering the fabrication process, for instance, switch over materials, or to embed
sensors or other electronic components in the part being built. Embedding of components during
AM fabrication can be beneficial for the production of smart parts with embedded sensors. The
multi-material fabrication process, with the added benefit of pausing the fabrication process using
AM technology, can be beneficial in achieving tailored physical and mechanical properties based
on the application. The use of multi-material AM fabrication can accelerate design of lighter
weight parts and lower the production costs due to the reduction of processes and parts [19].
Li et al. [20] proposed a technique for embedding of thin film and fiber optic sensors in a
metallic body (nickel and stainless steel structure). The embedding process included electroplating
of copper or nickel layers and joining of these layers to a main stainless steel body using laser
assisted shape deposition manufacturing (SDM). Nevertheless, this method resulted in
12

delamination occurring between the embedded layers and the underlying stainless steel structure.
Aguilera et al. [21] experimented with the fabrication of an electro-mechanical system using
material extrusion technology. The fabrication process consisted of pausing an FDM system
several times to insert permanent magnets, electro-magnets, and a speed controller within the
thermoplastic structure. The fabrication process demonstrated the flexibility of embedding process
using FDM technology for low temperature applications.
Pille [22] worked on embedding piezo sensors and an RFID transponder into cast metal
parts. An insulating layer of high heat resistant polymer was used to shield the embedded
components from the high temperatures produced during the casting process. In this experiment,
the insulating layer was 1 mm (for the RFID transponder) and 2mm (for the piezo sensor) during
zinc alloy casting at 420º C, and also during aluminum casting at 710º C. Rai et al. [23] showed an
approach to embed thermal sensors and strain gauges into parts made from the DuraFormTM
material using selective laser sintering (SLS) process. The research addressed the challenges
associated with the lead wire tangling with the roller of the SLS machine, and with the disturbances
caused in the powder bed during suctioning of powder from the cavity prior to inserting the thermal
and strain sensors. A noteworthy point from this research was that the fabrication temperature of
DuraFormTM was 170º C, which made it possible to place the sensor in the pausing phase of the
machine without using any high temperature protective layer for the sensor. Friel and Harris [24]
demonstrated a technique referred to as ultrasonic embedding manufacturing for embedding fibers
of a shape memory alloy in an aluminum alloy matrix through acoustic softening (a process that
causes low temperature flow of the metal in the plastic regime).
Terrazas et al. [25] introduced a multi-material fabrication process using EBM technology
demonstrating the production of components with discrete interfaces of Ti-6Al-4V and pure
copper. Figure 2.4 shows the steps followed in the fabrication process of the multi-material part
described in this work. The components produced exhibited misalignment of several microns that
was identified by the researchers as one of the main issues of the process.
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Figure 2.4. Multi-material fabrication process using Terrazas et al. [19]
The presented literature review has shown that interrupted or paused fabrication has been
performed with various AM techniques to achieve multi-material fabrication or embedding of
components. This review has also shown that the typical embedding process was conducted using
mostly low melting temperature materials. For those cases requiring high temperature materials, a
protective layer was added to protect the sensor embedded within the fabricated structure.
2.5 Image Analysis
The commonly used part positioning or coordinate measuring machines may not be viable
methods to solve alignment issues in the EBM environments. The EBM fabrication process starts
at high temperatures exceeding 800º C and ultra-low vacuum (~10-4 torr) that makes it non
accessible situation in the powder during fabrication. Therefore, a contactless method is needed
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to align the part after its reintroduction into the build platform during ‘stop and go’ fabrication
using the EBM technology. As a result, an image analysis based parts positioning process comes
into play for aligning the part in the EBM powder bed after removing the part for multi-material
or embedding process. The following sections describes the fundamental understanding of the
image analysis process.
Fundamentally, a two dimensional image can be described as a function of a(x,y), where a
is the amplitude of the image and (x,y) is the coordinate position. Now, a two-dimensional
continuous image can be distributed by N rows and M columns. The intersection of rows and
columns are defined as a pixel. So, the integer coordinate will be a[m,n] where, m=0,1,2,…….,M1 and n=0,1,2,…….,N-1.
The distinct gray level of an image is defined by 2B value, where B is the number of bits in
the binary representation of the brightness levels. When B=1, it is a binary image. The binary
image can be described using two gray levels “black” and white”. In a binary image, the “black”
and “white” is represented by “0” and “1”, respectively [26]. The corresponding binary image
values can be used for calculating the centroid location and angle measurements that are associated
with part positioning technique.
2.5.1 Part position
The binary image can be used to obtain the linear displacement by getting the difference in
centroid locations from before and after images with corresponding position changes of the part.
For that, the area and corresponding centroid location of a binary image can be calculated from the
binary values of the object. For a binary image, B[i,j] [27],
The area A is given by,

𝑛

𝑚

𝐴 = ∑ ∑ 𝐵[𝑖, 𝑗]
𝑖=1 𝑗=1

Next, the coordinates of the object can be obtained by,
𝑛−1 𝑚−1

𝑛−1 𝑚−1

𝑥̅ ∑ ∑ 𝐵[𝑖, 𝑗] = ∑ ∑ 𝑗𝐵[𝑖, 𝑗]
𝑖=0 𝑗=0

𝑖=0 𝑗=0
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𝑛−1 𝑚−1

𝑛−1 𝑚−1

𝑦̅ ∑ ∑ 𝐵[𝑖, 𝑗] = − ∑ ∑ 𝑖𝐵[𝑖, 𝑗]
𝑖=0 𝑗=0

𝑖=0 𝑗=0

And finally, the x and y coordinates of the centroid will be,
𝑚−1
∑𝑛−1
𝑖=0 ∑𝑗=0 𝑗𝐵[𝑖, 𝑗]
𝑥̅ =
𝐴
𝑚−1
∑𝑛−1
∑
𝑖=0
𝑗=0 𝑖𝐵[𝑖, 𝑗]
𝑦̅ =
𝐴
2.5.2 Edge detection and angle measurements
Following the image analysis process, the location of the edges can be used to determine the angle
of the edge with respect to image’s X/Y axes. A significant localized change in the intensity of an
image can be defined as an edge. Edge detection is a technique to detect the significant local
changes of an image. The localized changes in an image can be detected using a discrete
approximation to the gradient. The gradient can be defined by the vector [27],
𝛿𝑓
𝐺𝑥
𝛿𝑥
𝐺[𝑓(𝑥, 𝑦)] = [𝐺 ] = 𝛿𝑓
𝑦
[𝛿𝑦]
The magnitude of the gradient is given by,
𝐺[𝑓(𝑥, 𝑦)] = √𝐺𝑥2 + 𝐺𝑦2
And the direction of the gradient can be defined as,
𝐺𝑦
𝛼(𝑥, 𝑦) = tan−1 ( )
𝐺𝑥
Where, α is measured from the x axis of an edge from a binary image.
2.6 Piezoelectricity
A piezoceramic is formed with perovskite crystals that are composed of tetravalent metal
ions positioned inside a lattice of larger divalent metal ions and O2. A piezoceramic material shows
no dipole moment by exhibiting simple cubic symmetry above a critical temperature (known as a
Curie temperature). Below the Curie temperature, each crystal shows tetragonal symmetry
exhibiting a dipole moment [28].
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Figure 2.5. Poling process (a) randomized polar domains, (b) applying DC electric field, and
(c) polarization remains after DC field is disconnected [18]
The direction of polarization in neighboring domains is randomly distributed as shown in
Figure 2.5 (a). A DC electric field is applied to the piezoceramic material at a temperature
marginally below Curie temperature to align the domains (Figure 2.5(b)), which is defined as a
poling process. After removing the electric field, the dipoles are locked in to near alignment of
their previous domains (Figure 2.5(c)) and obtains a permanent polarization that can be used as a
sensor or actuator.
Piezoelectricity shows linearity in interaction between mechanical and electrical systems.
The direct piezoelectric effect can be observed when a piezoelectric material is mechanically
strained. During straining, a measurable electric charge is produced on the surface of the material.
The generated electric charge can be used as an indicator of the applied force.
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Chapter 3: Characterization of Smart Parts Fabricated using Electron Beam
Melting Technologies
3.1 Introduction
The concept of smart parts, consisting of components with embedded sensing materials
and enabled by AM techniques can be used for obtaining real-time feedback information from a
system, and thus allowing for in situ monitoring in the energy, biomedical, automotive, and
aerospace industries.

Smart parts can maintain structural integrity while adding sensing

functionality, and without alteration of their external design. The use of smart parts can be
beneficial in various energy conversion processes that require monitoring of variables that may
include pressure, temperature, and overall system health, allowing for safe operation and
determining critical process parameters for efficient fuel consumption. For example, a 10º C
increase in temperature can double the speed of the chemical processes due to combustion inside
a boiler while running in an operating pressure of 600 bar [8]. Such processes need to be monitored
for safe operation, while balancing and optimizing combustion to avoid slag formation [29]. In
contrast, current techniques for monitoring in energy systems include the use of thermocouples
and pressure sensors that are bonded or inserted in the surface of components where monitoring is
of interest.

Adhesives, screws, or special connectors are typically used for attaching the

monitoring devices into the outer surface or cavity of a components. Such methods for attachment
can require design modifications or alterations to the part that can impair its intended performance.
For example, airflow around a wind turbine can be altered if changes are made to the turbine blades
to accommodate for monitoring devices, and ultimately altering the aerodynamic performance of
turbine blade [30]. Furthermore, exposure of monitoring devices to harsh environments including
high temperature and pressure, as well as corrosive environments, can compromise the sensor
reliability and might result in shortened sensor life thus increasing overall operating and
maintenance costs. Moreover, the reliability of the surface contact or exposed sensor can be
critical as the sensor material can deteriorate due to environmental issues (e.g., corrosion). The
location of the sensor within the component can be vital in sensing information of the monitored
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system at critical or tough to reach locations. For example, the internal fluid pressure or
temperature of a pressure tube may not be determined via outside attached sensors. Additive
manufacturing (AM) offers the opportunity to embed the sensors in the manufactured component
without compromising the outer geometry of the component. The layer-by-layer methodology
used by AM techniques provides the opportunity for pausing the build to perform various
operations that might include embedding of sensors at any required location within the part’s
complex geometry. Electron beam melting (EBM) technology is a powder bed fusion (PBF) AM
technology that creates parts by selectively melting precursor metal powder using a high power
electron beam. The use of EBM for the fabrication of smart parts can be beneficial in various
fields that include the biomedical, automotive, and the aerospace industries. The discussion in this
chapter details the use of EBM technology for the fabrication of smart parts, and on the functional
demonstration of these components for sensing variables of interest in an energy system.
A piezoceramic material can function as a pressure sensor in response to the application of
a dynamic load. In this case, the piezoceramic material exhibits piezoelectric behavior that results
in the generation of electric charge when a dynamic load is applied on it [28]. The electric response
from the piezoceramic can be interpreted into strain, pressure, or a force signal (detailed
description can be found in Chapter 2 Section 2.6) after the proper calibration process [31]. Some
materials might also exhibit a pyroelectric effect. The pyroelectric effect results from the creation
of electric current in response to heat flux [32]. Lead zirconate titanate (PZT) displays both
piezoelectric and pyroelectric properties, which makes it an excellent choice for force and
temperature sensing material. Li et al. demonstrated the embedding of thermomechanical sensors
within a metallic structure created using shape deposition modeling (SDM) technology. The
authors reported delamination of the layers at the location in the structure where the sensors were
embedded. [33]. In an application with low temperature materials, Aguilera et al. demonstrated
the embedding of electronic components within a thermoplastic material structure fabricated using
fused deposition modeling (FDM) technology [34]. Similarly, Rai et al. investigated a process for
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embedding thermocouples and strain gauges into plastic material using a selective laser sintering
(SLS) process, where the operating temperature was ~170º C [23].
The previous mentioned literature studies have shown the ability to embed sensors within
parts manufactured by AM for low temperature materials. Nevertheless, for the discussion
pertaining to this research, where higher melting point materials were processed (such as the Ti6Al-4V alloy that is processed by EBM at temperatures in excess of 800º C), there is a limitation
of the sensors that can be embedded [35]. To achieve sensor embedding for these components,
any kind of protective layer, adhesives, or attachments need to withstand the high temperature
fabrication process.
This research focused on the fabrication of smart parts through embedding of piezoelectric
and pyroelectric sensor materials within a part’s structure using EBM technology. The smart parts
are intended for applications in energy systems, for components that include fuel injectors, turbine
blades, and air fuel pre-mixers. A multi-step EBM fabrication process, with pauses introduced at
discretion, was developed to enable the sensor embedding within the metallic body.

The

embedding of the piezoceramic material at prescribed locations was possible by utilizing the layerwise fabrication process of EBM technology. Before it was adapted for sensor embedding,
Terrazas et al. introduced a multi-material fabrication process using the EBM system and showed
the fabrication of cylindrical parts containing Ti-6Al-4V and copper [36]. A weak bonded
interface of Ti-6Al-4V and copper was obtained and a transition in microstructure, from equiaxed
in the copper, to columnar at the interface between copper and Ti-6Al-4V was observed [36].
Using this previous work, a smart part fabrication process was developed to produce parts made
of a single material, intrinsically achieving stronger bonds while enabling embedding of sensors
within the structure.
As an initial demonstration of this approach, a simple cylindrical shaped smart part was
fabricated in this research. First, a build was started in the regular EBM process. Then, the build
was paused to gain access in a predefined layer, and the piezoceramic sensor material was
embedded at a prescribed location. After the embedding of the sensor, the fabrication process was
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resumed. The ability to embed components at specific locations within a part can be useful. For
example, the embedding of a sensor in a smart piping system can provide real-time information of
the conditions experienced by the fluid flowing inside. In this work, the design, fabrication
process, and demonstration of the fabricated parts were demonstrated. To investigate the effects
of ‘stop and go’ fabrication process on the microstructure, a study was performed to analyze the
interface of the fabricated part and compare with the adjacent area of the interface. To demonstrate
force sensing capabilities of the smart part, a compression-compression test was performed to
obtain sensor responses under dynamic forces and sensor sensitivities of 0.42-0.53 V/kN were
obtained using four different loading frequency condition. All the results for the fabrication and
testing of components with embedded sensing capability, further strengthen the notion that the
developed process can be used to fabricate end use parts that can potentially be employed in energy
system components for obtaining real-time and in situ monitoring. This sensor information can be
then used to adjust parameters of operation in the energy system monitored to achieve improved
operating efficiencies (details can be found in Chapter 1 Section 1.1).
3.2 Methodology
3.2.1 EBM technology
In this experiment, an Arcam S12 EBM system (Arcam AB, Mӧlndal, Sweden) was used
for fabrication process.

EBM technology is a PBF technology that can fabricate metallic

components in a layer-by-layer fashion by melting metal feedstocks using a high power electron
beam. Details of the EBM technology have been described in Chapter 2 Section 2.2. In the regular
EBM process, the fabrication requires the use of a stainless steel substrate to attach the initial layers
of the component to a firm base.
3.2.2 Materials
Figure 3.1 (a) shows a schematic diagram of the necessary components and Figure 3.1 (b)
shows the assembled view of the smart parts. The sensor assembly consists of piezoceramic sensor
material, insulating material, and electrodes resided in the metallic structure fabricated using EBM
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technology. The metallic structure of the smart part was fabricated using Ti-6Al-4V precursor
metal powder from Arcam AB (Mӧlndal, Sweden). The Ti-6Al-4V shows high strength to weight
ratio and excellent corrosion resistance properties that led to various applications and widely
researched alloy using AM technology. PZT was used as sensor material for its typical use in
pressure, force, and temperature sensing [31] and high piezoelectric coefficient (d33 = 400 pC/N)
compare to other commonly used piezoceramic sensor material (for example, d33 value of BaTiO3
is 190 pC/N) [37]. Tungsten was used as the electrode for its high vaporization temperature [38]
and alumina as the insulating material to electrically insulate the entire sensor material from the
outside metallic body.
3.2.3 ‘Stop and Go’ process
A ‘stop and go’ fabrication process was developed using the EBM technology, to achieve
the embedding of a piezoceramic sensor material within the metallic structure using EBM
technology. The concept model consisted of designing a part with an internal cavity where the

Figure 3.1. Smart parts components (a) exploded view and (b) assembled view
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piezoceramic material was inserted. The fabrication process was paused at an intended height to
place the sensor and after that, the fabrication process continued until the entire part was complete.
The EBM ‘stop and go’ process is shown in Figure 3.2 with illustration of necessary steps. The
step 1 was to fabricate the bottom section and the insert part. The insert part was necessary to hold
the sensor assembly in the cavity and maintain the planar surface to continue the fabrication
process after the process stop. The step 2 was inserting the sensor assembly in place following the
sequence shown in Figure 3.1. The step 3 was machining the mask plate using a CNC machine
followed by the last step (step 4) that consisted on the insertion of the assembled part into the mask
plate. In the step 5, the fabrication process was resumed, and the process culminates with the
finalized smart part (step 6).
3.2.4 Sensor housing
An alumina (Al2O3) plate was initially selected as an electrically insulating material;
however, the alumina plate was metallized after fabrication process was complete.

The

metallization happened due to the vaporization of metals (presence of titanium) during the high

Figure 3.2. ‘Stop and go’ fabrication process
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Figure 3.3. Alumina used in smart parts fabrication process. The color change of post-EBM
alumina plate indicates metallization happened in the surface
temperature fabrication process. Figure 3.3 shows images of the alumina plate before and after
exposure to the EBM fabrication environment, clearly showing the metallization. The metallized
alumina plate also showed low resistance (~31 Ω) after exposure to the EBM fabrication process
which indicates the loss of electrically insulating behavior of the alumina plate. The metallization
occurred after some of the metal vaporizes during melting of Ti-6Al-4V powder at ultra-high
vacuum (~10-4 Torr). The metallization causes the sensor assembly to be electrically conductive
and creates an electrical grounding with the rest of the metallic body of the smart part. This
phenomenon causes the generated electric charge to dissipate within the structure that leads to
losing the sensor functionality [39]. To prevent this occurrence, a sensor housing was machined
that prevented metallization of the sensor and allowed for its functionality. The alumina housing
was press fitted to maintain a tight seal in between the two parts of the assembled part. As a result,
the inhibited sensor material and electrodes retained its functionality after the high temperature
(>800ºC) EBM fabrication process. Figure 3.4 shows the machined alumina housing that was
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Figure 3.4. Machined alumina housing
used to protect the piezoceramic material and leads. The alumina housing was machined using a
CNC Mini Mill 2 (HAAS Automatic Inc., USA) from machinable alumina (Cotronics Corp,
Brooklyn, NY). During the ‘stop and go’ process, the sensor assembly was placed inside the
protective alumina housing and wires were extended within the leg of the sensor housing. The
extended potion/leg was cut-off after completion of the smart part to expose the electrical leads
and provide sensor functionality.
3.2.5 Mask plate machining
The fabrication process shown in Figure 3.2 indicates the necessity of a mask plate to
continue the ‘stop and go’ fabrication process.

The mask plate satisfies the condition of

maintaining an initial planar substrate during typical EBM fabrication. A CNC mini mill 2 (HAAS
Automatic Inc., USA) was used to machine the mask plate. Figure 3.5 part (a) shows the machined
mask plate; part (b) shows the isolation cap, and part (c) shows the CAD schematic of the
assembled part. Referring to Figure 3.5, the smart part was attached to the cylindrical hole created
in the mask plate. The hole was undersized by 50 μm to ensure a press fitting between the two
components during assembly according to the specifications of ISO 286-1:2010 [40] and ANSI
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B4.2 (1978) [41]. An isolation cap was attached at the bottom to avoid metal powder from entering
the smart part to further prevent metallization.
3.2.6 Material characterization
For material characterization, a smart part was sectioned using an IsoMet 400 Linear
Precision Saw (BUEHLER, Lake Bluff, IL) along the build direction. The part was then polished
using silicon carbide paper (Struers, UK). Keller’s reagent (95% distilled water, 2.5% nitric acid,
1.5% hydrochloric acid, and 1% hydrofluoric acid) was used as etchant for microstructure analysis.
The images were taken using a Leica Reichert MEF4 a/m optical microscope (Leica
Microsystems, Wezlar, Germany). Rockwell hardness testing was performed using a Wilson

Figure 3.5. Mask plate machined to avoid/minimize powder contact to the smart part, (a)
machined mask plate, (b) isolation cap, and (c) CAD drawing of the assembly drawing shows
the installation of the isolation cap (shown in the red color) in the mask plate
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Series 2000 Model 2000 T tester (BUEHLER, Lake Bluff, IL). Micro hardness was measured at
the top and bottom section of the interface of the smart part to evaluate mechanical properties.
3.2.7 Sensor evaluation
The force sensing capability of the smart parts was evaluated using a compressioncompression test. Testing was performed using a MTS Landmark servohydraulic test system
(Eden Prairie, MN). The smart part was initially compressed ~25 mm. After this compression,
this state was considered as the initial position to perform the cyclical compression. Then the part
was oscillated at ±0.1 mm from the initial position at the frequency of 10 Hz, 15 Hz, 20 Hz, and
25 Hz. During the compression test, the voltage measurements generated by the sensor were
recorded using a DAQ system (NI fiPCI-6221).
3.3 Results and Discussion
3.3.1 Smart parts
Figure 3.6 shows the smart part fabricated using the ‘stop and go’ process as a proof of
concept model that can be used to obtain force and temperature sensing information. Figure 3.6(a)
corresponds to the bottom part (shown in Figure 3.2), that was fabricated in the first step, prior to
pausing the system, showing the sensor assembly. The complete fabricated smart part is shown in
Figure 3.6(b). The smart part was ~24 mm in diameter and ~28 mm in height. After fabrication
was complete, the legs in the sensor housing were broken off to gain access to the electrodes,
which can be seen in Figure 3.6(c).
Before verification of the sensor functionality in the compression test, two important preconditioning processes were performed. First, the open circuit condition (indicating no continuity
or contact between the components of the piezoceramic and the rest of the metal part) was verified
by measuring the resistance between the electrodes or leads of the sensor. This was done using a
SPERRY DM-4400A digital multimeter (SPERRY Instruments, Menomonee Falls, WI).
As a second conditioning step, the repoling process (as described in section 2.6) was
performed to align the domains for the polarization of the piezoelectric material. An electric field
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Figure 3.6. Smart parts (a) assembled part and insert part, (b) fabricated part, and (c) alumina
housing leg broken off for sensing purpose
of 1.4 kV/mm was applied to the smart parts for a period of 10 hours at a temperature of 150º C to
recover the piezoelectric properties. The repoling process was necessary since the PZT
piezoceramic was exposed to temperatures higher than its Curie temperature (of ~360 º C [42])
during EBM manufacture at temperatures higher than 800º C. This exposure to higher
temperatures than the Curie temperature induces loss of the piezoelectric characteristics.
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Figure 3.7. Test set-up for force sensing of smart parts
3.3.2 Force sensing
Figure 3.7 shows the set-up of the force sensing arrangement of the smart part. A flat
cylindrical fixture was used to perform the testing. A compressive force was applied on the test
specimen, and a load concentrator was used to ensure the application of force on the center of the
smart parts. A DAQ system was used to record the voltage response corresponding to the applied
force. The smart part was tested using four different frequencies (10 Hz, 15 Hz, 20 Hz, and 25 Hz)
using different dynamic loadings that shows the smart part’s performance in different vibration
and loading conditions. In practical applications, the components can undergo dynamic loading
at different frequencies that can be captured using the fabricated smart part. A plot showing the
voltage response of the smart part over the time of the testing is shown in Figure 3.8. The results
indicate the sensitivity at different frequencies can be obtained from the smart part and can be used
in such applications where different loading frequencies can happen. The sensitivity of the smart
part for sensing voltage and force under the four frequencies tested is shown in Figure 3.9. The
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Figure 3.8. Voltage response obtained from the smart part at frequencies (a) 10Hz, (b) 15 Hz,
(c) 20 Hz, and (d) 25 Hz
sensitivity of a cycle was defined as the ratio of the range of voltage over the range of force. The
overall sensitivity was defined as the average of this ratio. The sensitivity can be obtained by the
following equation:
𝑉
𝑣𝑜𝑙𝑡𝑎𝑔𝑒 − 𝐹𝑜𝑟𝑐𝑒 𝑅𝑎𝑡𝑖𝑜( ) =
𝐾𝑁

∑𝑁
𝑖=1

(𝑉𝑚𝑎𝑥,𝑖 − 𝑉𝑚𝑖𝑛,𝑖 )
(𝐹𝑚𝑎𝑥,𝑖 − 𝐹𝑚𝑖𝑛,𝑖 )
𝑁

Where, N is the total number of cycles during the test and i is the cycle number.
The average sensitivities result (Figure 3.9) showed 0.53 V/kN, 0.43 V/kN, 0.44 V/kN, and
0.42 V/kN for the frequencies of 10 Hz, 15 Hz, 20 Hz, and 25 Hz, respectively. The results (Figure
3.9) showed a decreasing trend with the increase of frequency except for the sensitivity response
at 15 Hz. A sampling rate of 99.9 Hz was used in the compression-compression test, which resulted
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Figure 3.9. Sensitivity response obtained at four different frequencies under dynamic loadings

in limited data acquisition at higher of frequencies. The decrease in the data acquired with the
increase of frequencies can affect the force response results as it can prevent capturing the true
maximum and minimum data points. The stiffness of structural material (Ti-6Al-4V) can show
different frequency response in compare to sensor material (PZT) that can affect the dynamic
loading responses [43]. As a result, at higher frequencies, the dipole movement in the piezoelectric
material falls behind the frequency of the applied dynamic loading that can lower the sensitivity
response. The result obtained here shows the ability to obtain force sensing functionality from the
fabricated smart parts. Future studies are required to fully explain the sensitivity dampening of the
smart parts.
3.3.3 Microstructural analysis
The interface created from the ‘stop and go’ fabrication process is of interest in terms of
metallurgical characterization that can show a microstructural change because of pausing the
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fabrication process. In this study, the microstructure analysis of the interface created from ‘stop
and go’ fabrication process and adjacent area from bottom and top parts were analyzed. Figure
3.10 (a) shows the microstructure of top, interface, and bottom part of a representative smart part
sample. Figure 3.10 (b-d) shows the magnified view of the microstructures corresponding to the

Figure 3.10. Microstructure analysis of smart part, (a) entire microstructure showing top,
interface bonded area, and bottom part, (b) top part, (c) interface bonded section, and (d) bottom
part
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various regions including that of the top part, the interface, and of the bottom part, respectively. In
both the top and bottom images in Figure 3.10 (b and d), a lamellar like microstructure of α and β
grains can be observed. When comparing the size of the microstructures in these regions, the
microstructure corresponding to the bottom part shows a slight increase in the size of the α laths
thickness with an average of ~2.4 μm in contrast to the ~1.3 μm lath thickness observed in the top
section. The α lath thickness in the microstructure can be influenced by cooling rate. For instance,
Draper et al. showed α lath thickness was reported ranging from 1.7 to 1.9 μm for vertically build
samples, whereas a α lath thickness of 2.8 ±0.2 μm was observed for horizontally build sample,
where the electron beam passed longer continuous scan for horizontally build samples in compare
to the vertically build samples [44]. The increase in the grain size (specifically on the thickness of
the alpha laths) of the bottom part can be attributed to longer exposure of this metal to elevated
temperatures after the ‘stop and go’ process was resumed. Therefore, the bottom part was exposed
to longer heating times in comparison to the top part due to the re-heating process observed with
the ‘stop and go’ method [45]. Furthermore, the finer microstructure of the top section can be
explained given the higher cooling rates experienced by this material, since the previous solid
component (bottom part) might serve as a heat sink allowing for heat dissipation faster when
fabricating the top part, versus what occurred during fabrication of the bottom or first half of the
smart part.
The hardness testing revealed a hardness value of 35±0.5 HRC for the top part and 30±1.2
HRC for the bottom part whereas the typical hardness value of 30-35 HRC can be found in
literature [46]. An increase of 17% in hardness was obtained, while grain growth of 47% decreased
in the subsequent fabrication near the interface. Murr et al. showed the decrease in hardness value
due to the increase of α grain growth that supports the change in hardness of the fabricated parts
using ‘stop and go’ fabrication process in EBM system [47].
Figure 3.10 (c) shows thin α' (martensitic) platelets at the interface bonding, which are most
likely due to the variations in rapid cooling and solidification [48]. The mechanical properties can
be affected by the presence of α' (martensitic) platelets as they cause embrittlement in the structure.
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A post-fabrication heat treatment process can be applied to the fabricated components (in this case
the smart part) to reduce or completely eliminate the α' microstructure. The effect of heat treatment
process and mechanical properties of the fabricated parts are described in Chapter 4.
3.4 Conclusion
The work presented in this chapter has shown a methodology that was developed to
successfully embed a piezoelectric material into a component during its fabrication using the EBM
AM technique. The method presented showed the feasibility of fabricating a smart part that can
find suitable applications in the aerospace, biomedical, automotive, or energy and power
generation industries. The non-intrusive embedding of the sensor within the metallic component,
enabled specifically by the use of the EBM AM technique, can prolong the sensor life by limiting
exposure of the sensor assembly to harsh environments experienced during operation. The layerby-layer fabrication process by AM technology facilitates the embedding of sensor material in any
desired location within the part’s metallic structure, given the ability to pause and resume the build.
As for the fabricated smart part, the sensitivity response showed the sensor functionality after the
high temperature fabrication process. Overall, these results indicate the feasibility of applying this
‘stop and go’ process in other engineering applications.
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Chapter 4: Demonstration of Force and Temperature Sensing of an Energy
System Component: Smart Tube
4.1 Introduction
The application of sensing technologies in complex energy system that can operate at high
temperature and high pressure can be useful for obtaining real-time monitoring [49]. For these
systems, the ability to monitor pressure and temperature, among other critical variables, in realtime and in situ can be an effective tool for achieving higher efficiency and lower emissions
(detailed discussion in Chapter 1 Section 1.1) by tuning the process parameters in real time. For
example, the continuous monitoring under harsh environment is necessary in aerospace and
propulsion systems for optimized control and operating parameters [50].

The operating

temperature of hybrid electric vehicles can be critical in extreme temperature conditions and a
monitoring system can be useful for vehicle operation [51].

In a typical aircraft engine,

temperature monitoring of inlet, outside air, exhaust gas, compressor, turbine and bleed air; and
pressure monitoring of inlet, compressor, discharge, lube oil, and bleed air is commonly used for
safe operating procedure [52]. The aerospace structures can experience up to 1000º C that needs
to be monitored for safe operation. The next generation helium gas reactor pressure level outside
temperature can be as high as 1000º C that requires in situ monitoring for safe handing,
maintenance costs, and irradiation embrittlement of the structure.
Many high temperature sensor materials are being investigated for operation in energy
systems, aerospace industries, and nuclear plants since traditional materials used in sensors, such
as fiber optic, have lower operating limits. For example, while the operating temperatures of space
vehicles can reach up to 2000º C, fiber optic sensors operate up to 600º C [53]. Also, in the case
of platinum thermocouples, they have been shown to provide stable temperature measurements up
to 2000º C, although evaporation of platinum during exposure at temperatures >700º C can
compromise their functionality [50], [54]. Piezoelectric ceramics such as PZT can be a good
material choice for a sensor device to obtain system information considering high operating
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temperature (Curie temperature of PZT is ~350º C, whereas Curie temperature of BaTiO3 is
~115º C) and quick sensor response [55].
The use of surface mounted sensors in energy system components can lead to sensor
exposure to continuous harsh conditions such as high pressure, high temperature, and corrosive
environments that can be detrimental for sensor life and accuracy. Moreover, the mounting of the
sensor often requires special attachments that may not be accounted for in the original design of
the main component, leading to potential design modifications to accommodate the sensor. The
alteration of the part’s outside shape may not be desirable in engineering applications, where
precision manufacturing is a requirement and any change in the design can lead to inefficiency or
failure. For example, changing the outer shape of a wind turbine can affect its aerodynamic
performance [56]. A surface mounted sensor may not reveal the actual conditions in the required
area to be monitored for the component. For example, a surface mounted thermocouple at the
outside of the piping system cannot provide the true temperature of the inner fluid. Further, the
data obtained could be compromised by other variables in the external environment. Under these
circumstances, a true assessment of the operating conditions might only be obtained through
expensive computational modeling of the system.
Following the previous discussion, a potential solution for obtaining real-time and in situ
information can be the embedding of sensors within the body of the component at the time of
fabrication. Previously, embedding of fiber grating sensors, thermo-mechanical sensors, RFID
sensors, and electronic components was explored in low temperature applications within
thermoplastics and alloy materials [34], [57], [58]. This chapter focuses on the presentation of the
methodology developed and implemented for embedding piezoceramic sensor (PZT) material
within a metallic structure fabricated using powder bed fusion (PBF) additive manufacturing (AM)
technology able to operate at high temperatures. A ‘stop and go’ fabrication process was
developed to pause electron beam melting (EBM) AM technology, embed a piezoceramic sensor,
and continue the fabrication process. AM is a group of technologies that employ a layer-by-layer
fabrication process. The inherent layer-wise fabrication approach provides the opportunity to
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pause the system at any location to embed sensor material, followed by a process resume to
complete the fabrication of the component. This process provides the ability to embed a sensor
without modifying the geometry of the component or compromising its primary functionality. At
the same time, the inclusion of sensors within the structure provide for added functionality, besides
the intended application of the component. EBM is a PBF AM technology that uses precursor
metal powder to fabricate metallic structures. The details of the EBM technology are described in
Chapter 2 Section 2.2.
A piezoelectric ceramic material (in this study PZT was used) was embedded in a metallic
tube or hereon referred as smart tube using EBM technology by ‘stop and go’ fabrication process
[59]. The research works presented here focuses on fabrication of smart tube - an energy system
component and showed the component’s force and temperature sensing capabilities. The smart
tube was subjected to a compression-compression testing to show the force sensing. Temperature
sensing was demonstrated by passing hot air through the conduit of a smart tube using three
different inlet lengths, 7.6 cm, 15.2 cm, and 30.5 cm. The force sensing showed voltage response
varying from 56 mV to 596 mV that generated from the dynamic loading applied using
compression-compression cyclic testing at different frequencies (1 Hz, 10 Hz, and 15 Hz). Testing
at higher frequencies (>15 Hz) led to instability of the test platform and hence, these experiments
were performed below this critical frequency. The temperature sensing was demonstrated using a
test set up that produced three different temperatures (198º C, 178º C, and 150º C) settings and the
obtained results from sensor responses were compared with the temperatures obtained from
thermocouple measurements.
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4.2 Methodology
4.2.1 ‘Stop and go’ fabrication process
The regular EBM fabrication process is performed in a single build sequence without
process stops. Nevertheless, to enable embedding of sensors, the system requires a process stop.
For this reason, a modified EBM fabrication process, referred to as ‘stop and go’ and described in
detail in Chapter 3 Section 3.2.3, was used for fabricating the smart tube with an embedded PZT
sensor material. The steps of the ‘stop and go’ process include 1) the fabrication the bottom part
with a predefined cavity to hold the sensor, 2) the insertion of the sensor material, inserting the
sensor assembly in the cavity, and 3) the insertion the components in the masking plate. After
that, step 4) is performed which consists of resuming the EBM process to fabricate the top portion,
and finish the smart component. In this experiment, and Arcam S12 EBM system (Arcam AB,

Top part (Ti6Al-4V)
Insert part
(Ti-6Al-4V)

Sensor housing
(Alumina)
Sensor material
(PZT)
Electrode
(Tungsten)

Bottom part
(Ti-6Al-4V)

(b)

(a)

Figure 4.1. Schematic diagram of smart tube (a) exploded and (b) assembled view
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Mölndal, Sweden) was used to fabricate the metallic structure of the smart tube. Arcam’s standard
50um layer thickness parameters were used for fabrication in EBM.
4.2.2 Materials
The fabrication of smart tube was performed using Ti-6Al-4V powder obtained from
Arcam AB (Mölndal, Sweden). Referring to Figure 4.1 (a), that shows the exploded view of the
assembly and components used in the smart tube fabrication, and Figure 4.1 (b) shows the
assembled view of the smart tube, containing various other materials that were employed in the
fabrication and assembly of the smart tube. The sensor assembly contained a piezoceramic
material, two electrodes, and a protective sensor housing. The sensor housing protected the sensor
material and electrodes from becoming conductive due to metallization from metal vapor
generated during the EBM fabrication process and worked as electrical insulation between the
sensor material and the metallic structure, preventing electrical shorting. PZT was used as a sensor
material, given its piezoelectric and pyroelectric properties (details in Chapter 2 Section 2.6).
Tungsten was selected as an electrode material due to its high melting and vaporization
temperature, allowing it to survive the EBM process [38], and alumina was used as an insulating
ceramic material for the sensor housing due to its high corrosion resistance [60] and high melting
point (~2000º C) [61] in comparison to that of Ti-6Al-4V (1604-1660º C) [62].
4.2.3 Sensor housing
The alumina sensor housing was made to protect the sensor material from metallization
that can happen during the EBM fabrication process. The alumina housing also serves as an
electrical insulating material that is necessary for keeping the functionality of the sensor within the
metallic structure, preventing electrical shorting. Figure 4.2 shows the alumina housing that was
produced to make the sensor assembly. The housing consists of a male and female parts that was
press fitted to attach the sensor and the electrodes within the formed cavity. The extended leg was
used for providing the space for the electrode extensions and was broken off after the fabrication
was complete. The sensor housing was machined from a machinable alumina block (Cotronics
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Figure 4.2. Machined alumina housing
Corp., Brooklyn, NY) using a CNC Mini Mill 2 (HAAS Automatic Inc., Oxnard, CA). The sensor
material and electrodes were placed inside the sensor housing and inserted within the predesigned
cavity prior to resuming the EBM fabrication process
4.2.4 Smart tube
Figure 4.3 shows the smart tube fabricated using EBM technology. Figure 4.3 (a) shows
the parts fabricated before embedding the sensor material in the cavity; these include the bottom
part and an insert part. Figure 4.3 (b) shows the smart tube after fabrication was completed; the
part shows the top part fabricated and the alumina housing legs extending over the main body of
the smart tube. The dimensions of the smart tube were 50 mm in outer diameter according to the
ASME B36.10M-2004 [63] and 18 mm in inner diameter with a height of 30 mm. A wall thickness
of 16 mm was considered instead of 10.15 mm (specified by the ASME standard) for the
fabrication of smart tube to facilitate the sensor housing in the cavity of the smart tube. A modified
sensor design can be implemented to maintain the dimensions specified by the standard. The
sensor housing protected the sensor from the conditions of high temperature and pressure during
EBM fabrication, and it also maintains an electrical insulating barrier in between the electrodes
and metallic structure. The leg of the alumina housing was broken off after the fabrication process
to expose the electrodes for testing purposes.
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(b)

(a)

Figure 4.3. Smart tube (a) smart tube bottom section with exposed predefined cavity and (b)
fabricated smart tube. The extended alumina housing is shown in the figure that was broken off
before testing
A re-poling process was performed to align the randomly oriented dipoles for obtaining
the required sensor responses. The poling process was necessary in this process to obtain the
sensor response as the fabrication process exceeds more than 800º C, which is greater than Curie
temperature (350º C) of PZT, at which point this material loses its piezoelectric and pyroelectric
properties.

In this experiment, the repoling process of the smart tube was performed by

maintaining at 150º C temperature and an electric field of 1.4 kV/mm was applied for one hour as
literature showed the application of electric field as low as 1.3kV/mm can recover the piezoelectric
coefficient (d33) at room temperature, and other heat and time combinations for re-poling process
[64].

4.2.5 Compression – compression test set-up for force sensing demonstration
The force sensing capabilities of the smart tube were tested using a compressioncompression test. A MTS Landmark servo-hydraulic test system (Eden Prairie, NM) was used to
perform the compression-compression cyclic testing. The test set-up included two alumina
fixtures (attached to the smart tube as shown in Figure 4.4) to transfer load uniformly to the smart
tube. Figure 4.4 show the test setup of the compression-compression testing, showing the smart
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Figure 4.4. Compression-compression testing of the smart tube. An aluminum fixture was
attached to the smart tube for force transfer

tube between the aluminum fixtures, and gator clips used to connect to the tungsten leads. For the
experiment, the smart tube was pre-stressed by compressed ~0.3 mm, and then, loading was
oscillated at ±0.1 mm from the compressed point using three different frequencies (1 Hz, 10 Hz,
and 15 Hz). A DAQ system (NI PCI-6221) was used for obtaining the voltage response, generated
by the piezoceramic sensor during compression, via the electrodes during the cyclic testing.
4.2.6 Test setup for temperature sensing
The temperature response was evaluated using the pyroelectric property of the PZT. The
pyroelectric effect refers to the generation of electrical current in response to a change in
temperatures over time across the sample. The generated current (I) through a pyroelectric
material at temperature T can be described using the Equation 4.1.
I

dQ
dT
  pA
dt
dt

(4.1)

Where, Q is the electrical charge generated due to temperature change, p is the pyroelectric
coefficient of the material, A is the surface area of the electrode, and dT/dt is the rate of temperature
change of the material with respect to time. The Equation 4.1 can be written as follows,
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Figure 4.5. Schematic diagram of the temperature sensing test setup of the smart tube. A copper
tube, through which hot air was flowed, was inserted within the smart tube. Two thermocouples
were placed at the inlet of the smart tube and at surface of PZT sensor material. The length d
was changed to 7.6 cm, 15.2 cm, and 30.5 cm for varying the temperature experienced by the
smart tube
tf

Tf  

1
Idt  Ti
pA ti

(4.2)

Where, Ti indicates the initial temperature of the piezoceramic material at time ti, and Tf
indicates the final temperature at time tf. The final temperature (Tf) can be calculated from
Equation 4.2 as the other variables are known or can be obtained.
The smart tube was tested at different temperatures by flowing heated air though the copper
tube that is in contact with the smart tube by the conduction of heat through the copper tube to the
smart tube. Figure 4.5 shows the schematic diagram of the test setup. A copper tube was inserted
inside the smart tube where hot air was supplied at the inlet of the copper tube. Two thermocouples
were placed to measure the temperature of the inlet and at the position of the PZT sensor. The
testing consisted of cycles of heating and cooling of the smart tube while increasing the length of
travel of the hot air (distance d in Figure 4.5) to obtain different temperatures profile experienced
by the smart tube. The experiment was performed by heating for approximately 6 minutes and
cooling for approximately 12 minutes during which temperature readings were obtained. The
heating cycle was determined to obtain temperature changes throughout the experimentation, so
that the test set up observe temperature changes and calculations can be performed using
pyroelectric behavior of the sensor material. In this experiment, the cooling was performed using
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a fan to ensure forced convection, although the process required longer time to cool down, as a
result the cooling time was higher than heating time. The variation on the maximum temperature
reached by the test setup was obtained by varying the length of the copper tube, and hence the
length of travel of the hot air. The length of the copper tube (d in Figure 4.5) was changed to three
different lengths: 7.6 cm, 15.2 cm, and 30.5 cm. The length of the copper tube was increased
uniformly to vary the temperature experienced by the smart tube. The contact area of the PZT was
~39 mm2. The pyroelectric coefficient of the PZT material was 400 μC/(m2 °C) according to the
manufacturer [65]. The generated current was measured using a Keithley 6485 picoammeter
(Tektronix, Inc., Beaverton, OR), which was connected to the extended electrodes of the smart
tube.
4.3 Results and Discussion
4.3.1 Compression-compression force sensing
During the compression-compression experiment, the smart tube was tested using three
different frequencies (1 Hz, 10 Hz, and 15 Hz) to demonstrate the sensing capabilities of the smart
tube under dynamic loadings. Figure 4.6 shows the voltage response of the smart tube under
applied dynamic force. The sensitivity was measured by obtaining the ratio of the range of the
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(a)

(b)

(c)
Figure 4.6. Compression-compression test results for three different frequencies (a) 1Hz, (b)
10 Hz, and (c) 15 Hz. Each graph shows the compressive force in blue and voltage response in
orange

voltage divided by the range of forces applied. The overall sensitivity was obtained by averaging
the sensitivity response using Equation 4.3,
Overall voltage-force ratio (V/kN) =

(𝑉𝑚𝑎𝑥,𝑖 −𝑉𝑚𝑖𝑛,𝑖 )
∑𝑁
𝑖=1
(𝐹𝑚𝑎𝑥,𝑖 −𝐹𝑚𝑖𝑛,𝑖 )

(4.2)

𝑁

Where, N is the total number of cycles applied during the compression-compression testing
and i is the corresponding cycle number.
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Figure 4.7. The current generated due to temperature variation. The legend indicates the
variation of length to obtain temperature variation
The overall voltage-force ratios were 0.04, 0.011, and 0.0064 (V/kN) for the frequencies
1 Hz, 10 Hz, and 15 Hz, respectively. The result showed a decreasing trend of sensitivity as the
frequency increases. The dipole movement in the piezoelectric material falls behind the frequency
of the applied dynamic loading that can lower the sensitivity of the smart tube at higher
frequencies. The sensitivity response of the smart tube (0.011 V/kN at 10 Hz) is lower than the
smart parts (0.43 V/kN) described in Chapter 3 Section 3.3.2.

The reduced sensitivity is

hypothesized to occur for two reasons. First, the use of the aluminum fixture used to press on the
smart tube can introduce a triaxial force state that can create lower force in the radial direction
resulting the lower voltage response from the piezoceramic material. For this reason, the force
experienced by the embedded sensor inside the smart tube was lower than the force applied at the
surface. The second reason for the reduced sensitivity has to do with the smart tube assembly
process. In this case, the insert part is not contributing (shown in Figure 4.1) to press the sensor
inside the cavity which can lead to lower sensitivity response of the smart tube.
4.3.2 Temperature sensing
Figure 4.7 shows the electrical current generated from the PZT sensor for three different
heating conditions. As mentioned in Section 4.2.6, the heating conditions were varied by changing
the length of the copper tube (7.6 cm, 15.2 cm, and 30.5 cm) in front of the smart tube. As the
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heat source was same in this experiment set up, the temperature experienced by the smart tube
varied with the change of copper tube length. The temperature reading from the inlet thermocouple
is shown in Figure 4.8. The maximum current generated were 0.28 pA, 0.24 pA, and 0.2 pA
corresponding to the temperatures obtained at the inlet of the experiment setup of 198º C, 178º C,
and 150º C for the different copper tube lengths (d) of 7.6 cm, 15.2 cm, and 30.5 cm, respectively.
The pyroelectric current generated due to the temperature change shows (Figure 4.7) a
slight secondary spike in the result prior to reaching the highest peak is observed in the electrical
signal current at 350 seconds. A similar spike was not observed in the thermocouple reading at
the inlet (Figure 4.8). This behavior may be explained by the presence of different phases of the
PZT that can cause sudden slight variations of its piezoelectric and pyroelectric coefficients that
occurs in between 125-150º C [66]. Sabat et al. showed that tetragonal, rhombohedral, and
monoclinic symmetries present in the ferroelectric phase of PZT at different temperature regimes
[66] can result in changes in piezoelectric constants for the PZT.
The temperatures experienced by the PZT material were calculated by the generated
electrical current using the Equation 4.2. Figure 4.9 shows a comparison between the temperatures
obtained from the embedded sensor and the readings from a surface mounted thermocouple, for
the three different heating conditions. The surface thermocouple was placed directly above the

Figure 4.8. Temperature variation obtained at the inlet of the smart tube due to copper tube
length (d) variation of 7.6 cm, 15.2 cm, and 30.5 cm
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(a)

(b)

(c)
Figure 4.9. Temperature results comparison between the embedded sensor and the
thermocouple located at the surface of the smart tube. Three different heating condition was
obtained using (a) 7.6 cm, (b) 15.2 cm and (c) 30.5 cm
embedded sensor on the outer surface of the smart tube. The results showed that the embedded
PZT sensor material was able to register higher temperatures than the surface thermocouples. The
initial increase of temperature thermocouple temperature readings in compare to calculated
temperatures can be explained by the sensor housing set up shown in Figure 4.1 (b). The
temperature experienced by the sensor material is conducted through the alumina sensor housing
and electrode. As a result, the temperature experienced by the sensor material can be lower due to
the thermal loss during heat conduction in compare to the thermocouple temperatures obtained.
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The reason for the higher temperatures during the cooling cycle obtained from the PZT sensor has
a direct relation to the sensor assembly. During the cooling cycle, a fan was used to provide force
convection during cooling. Now, the sensor material is inhibited within the electrodes, sensor
housing, and metallic structure that can keep heat entrapped within the structure and can show
minimal exposure to the supplied air. On the other hand, the thermocouple was exposed to the air
flow using the fan and cooled faster than the sensor material itself.
4.4 Conclusion
This chapter has presented an example of a smart part fabricated through EBM AM. A
piezoceramic sensor was embedded within the metallic structure at the time of fabrication by
interrupting the regular EBM process. The fabricated prototype part, a smart tube, highlights the
ability to produce components that have embedded sensors, and that can be used for in situ and
real-time monitoring in complex applications including those in energy generation, aerospace, and
automotive. In this experiment, the embedded sensor showed functionality after a re-poling
process. The smart tube showed force sensing capability at different loading conditions of 1 Hz,
10 Hz, and 15 Hz using a compression-compression test. The temperature sensing capability show
sensibility when exposed to temperatures ranging from 150º C to 200º C. The smart tube also
shows the promise for obtaining temperature and force readings from the embedded sensor
material within a metallic structure fabricated using EBM technology.
Although, the work presented here demonstrates the embedding of a sensor in a simple
design, it can be extended to more complex shaped part, as allowed by EBM technology.
Furthermore, the concept of a smart tube can easily be transferable to create smart couplings,
flanges, connectors, and elbow joints, that can be used for monitoring of temperature and other
variables of interest in complex piping system, such as those encountered in power generation
plants.
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Chapter 5: Advanced ‘Stop and Go’ Fabrication Process
5.1 Introduction
Additive manufacturing (AM) technologies is a fabrication process that uses digital threedimensional data to fabricate end use parts in a layer-by-layer fashion. The use of AM to fabricate
multi-functional and multi-material components (deemed smart parts) has gained relevance in
recent years. [2]. These smart structures with embedded piezoceramic sensors can be an emerging
tool in modern monitoring systems. The ability to embed piezoceramic sensor can offer sensing
capabilities to obtain pressure and temperature information while protecting the sensor material
from outside harsh environments. Hossain et al. showed a fabrication process of smart parts
consisting of a piezoceramic sensor material embedded in a Ti-6Al-4V metallic part fabricated
using electron beam melting (EBM) technology [67]. The process showed successful embedding
of a lead zirconate titanate (PZT) sensor that displayed force sensing response.
Similarly, AM multi-material fabrication can be beneficial to fabricate components able to
obtain specific benefits based on the applications. For example, a cheap base material with a
covering of corrosion resistant material can be beneficial for increasing durability of the
component. Different welding methods (e.g., electron beam, laser, and plasma arc welding) are
commonly used in joining dissimilar materials. Nevertheless, these and other welding methods
exhibit certain deficiencies that may include incomplete penetration, cracking, porosity, and
inaccessibility to join complex shaped parts. To investigate the use of EBM technology for joining
of dissimilar metals, Terrazas et al. demonstrated the fabrication of multi-material fabrication of
Ti-6Al-4V and copper using this technology [68].

Similarly, Shemelya et al. showed the

fabrication of encapsulated copper mesh and embedded copper wire capacitive sensors in a 3D
printed structure fabricated using extrusion based 3D printing technology via interrupting the
process multiple times [69].
Yet another area of applicability of AM processes is for repair applications. These AM
fabrication techniques, such as powder bed fusion (PBF), can be used to recondition or refabricate
portions of worn parts or previously considered non-repairable parts [70].
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The advanced

fabrication methodologies discussed above, that might include component embedding, multimaterial fabrication, and repair using AM technology may require the interruption of the process.
The focus of the discussion in this chapter is to demonstrate such a fabrication process with
interruptions, hereon defined as ‘stop and go’, with the use of EBM technology, and on presenting
the methodology and results for the characterization of the fabricated smart parts.
EBM is a powder bed fusion AM technology that uses an electron beam to fabricate metal
structures in a layer-by-layer fashion. Figure 2.2 (Chapter 2 Section 2.2) shows the schematic
diagram of the EBM technology. The fabrication process is described in previous works [71],
[72]. The process requires the planar surface in the powder bed to begin the fabrication. In
previous works, by Terrazas et al. [3] and Hossain et al. [67] demonstrating interruptions of the
EBM process, the fabrication was facilitated through a CNC machined mask plate. In those cases,
the mask plate was used for referencing the electron beam, preventing powder from entering
internal features, and maintaining a planar surface to continue the fabrication after a process stop
[3], [67]. The mask plate also helped to avoid the interaction of electron beam with the powder in
the powder bed. For the EBM process, the direct scanning of the powder with the electron beam
can result in powder charging and powder spreading, also known as a “smoke” event [73]. Thus,
in these works, the mask plate provided a simple solution to avoid arc tripping and powder smoke.

(b)

(a)

Figure 5.1. Complex geometry (a) rectangular shape and (b) irregular shape
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Nevertheless, the required tolerances for machining of the mask plate can be quite extensive and
it can also require additional machining time thus increasing the burden of the fabrication process.
Moreover, the use of a mask plate would not be an effective solution to manufacture complex
shaped parts since machining can be cumbersome. For example, creating sharp edges for a
rectangular part (Figure 5.1 (a)) or an irregular shape (Figure 5.1 (b)) in the mask plate can be
difficult to machine. For this work, a methodology was developed to fabricate smart parts using
process interruption, but without the requirement for a mask plate. The developed ‘stop and go’
fabrication process does not require additional time and extensive machining of the mask plate,
and it consisted of stopping the EBM process momentarily, followed by a process resume. The
fabrication of complex shaped geometries will be viable using ‘stop and go’ fabrication process
for the application of advanced manufacturing (embedding and multi-material fabrication) and
repair applications.

The embedding and multi-material fabrication process can enable the

production of multi-functional structures, while the repair of components can alleviate time and
economic expenses that would otherwise result from the fabrication of the entire part.
Furthermore, this ‘stop and go’ process can be employed to recover builds after unintentional
machine interruption that can happen due to power outage, arc tripping, and empty powder using
EBM technology.
The ‘stop and go’ fabrication process can be beneficial in advanced manufacturing and
repair applications using EBM technology. This fabrication process gives the opportunity to
fabricate complex shaped parts after build interruptions. Using this ‘stop and go’ methodology,
tensile specimens were fabricated to evaluate the bonding strength of the fabricated parts and
compared with the properties of those produced using the regular EBM process (control build).
Three different melting scan patterns, single, double, and triple scan, were used to infuse the fusion
zone and increase the melt pool temperature to melt the metal powder. After tensile testing, the
UTS results showed the ‘stop and go’ fabricated parts using double scan can reach up to 92% of
the UTS obtained from control build. Furthermore, the failure behavior was investigated through
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analysis of the fracture of tensile specimens. The details of the testing setup and tensile test results
are described in the later sections (Section 5.4 and 5.5).
5.2 Materials and Methods
Ti-6Al-4V precursor metal powder from Arcam AB (Mӧlndal, Sweden) was used to
demonstrate the ‘stop and go’ fabrication process. Since Ti-6Al-4V is one of the most developed
alloys for EBM, with applications in the aerospace, biomedical, and power generation industries,
the material was an excellent choice for investigating the ‘stop and go’ fabrication process and
producing multi-functional structures. An Arcam A2 (Arcam AB, Mӧlndal, Sweden) EBM
machine was used for developing the ‘stop and go’ fabrication process.
5.3 ‘Stop and Go’ Fabrication Process
While the regular EBM process is performed without interruptions, the ‘stop and go’
process developed in this work consisted on resuming the fabrication process after an interruption
using EBM technology. As described above, previous works employed a mask plate for ‘stop and
go’ fabrication [3], [67], but this limits the complexity of the parts fabricated.
In this work, a mask-less process was developed that allowed to directly resume the build
by preheating the powder bed. However, this ‘stop and go’ process without mask plate can be
prone to arc tripping and powder smoke. Thus, the resuming of the fabrication becomes difficult
and likely to fail. Restarting the melt sequence directly on the powder bed after the interruption
tends to displace the parts from the powder bed. Figure 5.2 shows the displaced part laying in the
powder bed after restarting the EBM fabrication process. This displacement can happen due to
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Figure 5.2. Part displaced in the build platform
the thermal mismatch at the top surface being scanned by the electron beam, while the bottom part
is remained at room temperature in the beginning stages of the ‘stop and go’ fabrication. Due to
this mismatch, created thermal stresses can displace the parts from their original position in the
powder bed [74]. The high kinetic energy (~60 keV) [75] of the electron beam can also be
responsible for displacing the parts [76]. The ‘stop and go’ fabrication process involves the gradual
preheating (starting from low current to high current of the electron beam) of the powder bed prior
to restarting the EBM machine. In total, the ‘stop and go’ process developed includes six steps for
fabricating the entire part. The schematic diagram of the fabrication steps is shown in Figure 5.3.
The first step consists of preheating the metal plate at the very beginning of fabrication. Vacuum
is maintained throughout fabrication in EBM. The vacuum helps to achieve thermal insulation and
also to ensure the efficiency of energy transfer from the electron beam by minimizing collisions
of the electrons in their path to the powder bed. After preheating, the fabrication of the bottom
part is carried out (step 2), and then the process is stopped once reaching a certain fabrication
height (step 3). Then, the machine was allowed to cool down to room temperature and the chamber
ventilated until reaching atmospheric conditions. The next step consists of the preparation of the
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Figure 5.3. ‘Stop and go’ fabrication process. A simple rectangular prism was used for the
schematic fabrication process of the ‘stop and go’ process. The metal powder was not shown
in this representation of the process. In actual process scenario, the part will always be
submerged in metal powder only displaying the top surface of the fabricated part. Hot and cold
surface is represented using red and blue color, respectively
next layer of powder where preheating will begin. For this process, powder is raked across to
properly level the metal powder in the powder bed while maintaining the surface of the bottom
exposed to enable fabrication. At this point the chamber of the A2 system was again evacuated to
high vacuum followed by preheating of both the top surface of the part and the powder bed (step
4). After a preheating sequence of ~45 minutes, at which the temperature of the powder bed
reached ~750º C (as confirmed by observations with the IR camera) the fabrication process was
continued (step 5), resulting in a final component (step 6). The powder bed preheating parameters

Table 5.1. Powder bed preheating parameters for ‘stop and go’ process
Parameters
Preheating time
Beam current
Speed
Scan pattern

Value
30-40 minute
Varied from 4 mA-25 mA
14600 mm/s
Snake
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are listed in the Table 5.1. In this experiment, the melting sequence was performed according to
the build parameters provided by Arcam AB (Mӧlndal, Sweden). In this experiment, the automatic
power calculation was turned off during melting sequence of the top part fabrication after restarting
the process. The reason behind turning off the automatic calculation was that the thermocouple
temperatures underneath the build plate cannot capture the build temperature at the initial stage of
the ‘stop and go’ process due to the distance of the thermocouple and the top surface of the part,
thus, can result difficulty in adjusting to the thermal profile of the ‘stop and go’ fabrication process.
Referring to the previous steps described, other advanced manufacturing operations can be
performed through this methodology during step 3. These include the embedding of sensors or
multi-material. For the case when repair of a component is intended, the damaged part will be the
body immersed into the powder bed on top of which the fabrication process will resume in step 4.
Thus, for the ‘stop and go’ method can allow for advanced fabrication that could include
the embedding of sensors, or the insertion of a damaged part. During reinsertion of the component
to be fabricated re-registration needs to be performed to continue the fabrication process. In this
work, the part was not moved (in between the step 3 and 4 of the fabrication sequence in Figure
5.3) to avoid the need for part registration prior to resuming the build.
5.4 Experimental Methodology
To evaluate the mechanical properties and to characterize the metallurgical properties
resulting from the ‘stop and go’ process, tensile test specimens were EBM produced (according to
ASTM standard E8/E8M) and tested [77]. The tensile test specimens were fabricated halfway,
then the EBM system was stopped (Figure 5.4 (a)). After cooling down to room temperature, the
fabrication process was restarted after the gradual preheating stage and the remaining portion of
the part completed to obtain the final component (Figure 5.4 (b)). The three build modifications,
single, double, and triple scans were applied for improved mechanical properties:
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The single, double and triple scans, consisted of the application of an equal number of
passes or melt sequences. For single scan, one melting sequence was applied at the interface and
up to 0.3 mm from the paused interface, while double and triple scan indicated the application of
two and three melting sequences, respectively at the interface and beyond (up to 0.3 mm). After
that, the build scan was continued using single scan melting sequence for the rest of the part. The
single scan is basically the similar build scan happens within the EBM fabrication process, in this
case, the build interruption created the interface in the test specimens. The extra melting sequences

(b)

(a)

Figure 5.4. Fabrication of tensile test specimens using ‘stop and go’ fabrication process, (a)
tensile specimen fabricated halfway and (b) fabrication of the entire tensile test specimen.
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Tensile test specimen

Metallurgical test sample
(a)

(b)
Figure 5.5. (a) Schematic of tensile specimen and metallurgical sample and (b) specimens
fabricated using ‘stop and go’ process. The three specimens represent single, double, and triple
scanned parts (from left to right)
were limited up to 0.3 mm as further continuation of the fabrication under these parameters creates
overheating and swelling at the surface being melted, which can lead to build failure. A set of
samples of single, double, and triple scan specimens were heat treated using hot isostatic pressing
(HIP) process. The processing parameter for HIPping was ~900º C and 100 MPa isostatic pressure
for 2 hours according to the specifications described by Arcam AB [78].
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Extensometer

Figure 5.6. Tensile testing set-up. The image shows the extensometer attached for measuring
the extension
HIPped and non-HIPped tensile specimens were and their properties compared with those
obtained by a control build that was produced using the default processing parameters. The control
build test specimens refers to the specimens fabricated using EBM system without any build
interruption. The focus of the tensile testing was mainly directed to the interface bonding of the
fabricated parts using ‘stop and go’ process. The tensile testing was performed using as fabricated
specimens (without any machining process) to isolate study to the interface bonding of the
fabricated parts and fracture surface analysis using specimens fabricated with different build
parameters (single, double, and triple scan) and post processing variables (non-HIPping and
HIPping). The tensile test was performed using a MTS Landmark Hydraulic System (MTS
Systems Corporation, Eden Prairie, MN), which has a load cell of 100 kN. The tensile testing was
performed according to the test parameters described in ASTM E8/E8M standard [77]. Figure 5.5
(a) shows the schematic of tensile test specimens with the highlighted section in the middle
corresponding to a region of material that was used for metallurgical characterization; and Figure
5.5 (b) shows the actual fabricated tensile specimens. Figure 5.6 shows the tensile test set-up. At
least five tensile test specimens were tested for each variable except for the control build specimen
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for which three specimens were used. After testing, the fracture area of the tensile specimen was
cut off for metallurgical characterization. The microstructure analysis was also performed using
a tensile specimen that did not undergo the tensile testing.
5.5 Results and Discussion
5.5.1 Tensile test results
The tensile testing of specimens produced using the EBM ‘stop and go’ methodology was
performed and the obtained results compared with the properties of control specimens. In total
four different conditions were tested including the control, and the single, double, triple scan
tensile specimens. Further analysis of tensile testing included the HIPped and non-HIPped
specimens. The ultimate tensile strength (UTS) results of the control build, paused non-HIPped,
and paused HIPped specimens are shown in Figure 5.7. The control build specimens showed the

Figure 5.7. UTS results of non-paused build and paused build (Non-HIPped and HIPped)
specimens
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highest average UTS value of 912 MPa. The highest average UTS value for paused build nonHIPped specimens was 840 MPa using double scanning method that is 8% lower than UTS
obtained from default specimens, whereas paused HIPped specimens showed the value of
820 MPa using single scanning method corresponding to a 10% decrease when compared to the
UTS obtained from the control specimens. The study performed by Rafi et al. showed the average
UTS value of 928 MPa for machined and vertically built specimens that is 2% higher than the
control non-machined control specimens (vertically built), and a 10% and a 12% increase was
observed when compared to double scan non-HIPped and double scan HIPped samples,
respectively [79]. A two-sample t-test result showed that the results obtained from non-HIPped
and HIPped for sample parameter modification (i,e., double scan or triple scan) were not
significantly different (p-value >0.05) except for single scan non-HIPped and HIPped specimens.
The single scan HIPped samples showed 19% increase in average UTS value when compared to
non-HIPped samples. The increase in UTS value can be attributed to a reduction of unmelted
powder using HIPping process that is observed in Figures 5.10 and 5.11 by the fracture surface
analysis. The elimination of internal voids and micro-porosity, and consolidation of metal powder
using HIPping process are discussed in the study of Yang [80].
Figure 5.8 shows the results of Young’s modulus for the three different parameter
modifications for non-HIPped and HIPped specimens. The highest average Young’s modulus
value was 110 GPa obtained for parts produced using the non-HIPped double scan build method,
and the highest average Young’s modulus values for HIPped specimens was 107 GPa that were
doubled scanned. The average Young’s modulus value of non-paused/default build specimen was
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Figure 5.8. Young’s Modulus results of non-paused build and paused build (Non-HIPped and
HIPped) specimens
106 GPa, which is 4% lower than paused build double scan non-HIPped specimen. The reported
Young’s modulus value from Arcam AB was 120GPa that is 11%, 8%, and 11% higher than
controls, non-HIPped double scan, and HIPped double scan specimens, respectively [78]. The twosample t-test result showed that the Young’s modulus value of non-HIPped and HIPped samples
were not significantly different considering all three parameter modifications (single, double, and
triple scan).
Figure 5.9 shows tensile strain at break results obtained from the non-HIPped and HIPped
specimens for the single, double, and triple scan specimens. The average tensile strain at break of
non-paused build test specimen was 1.14%, which is higher than any results obtained from
parameter modified non-HIPped or HIPped specimens. The average tensile strain at break shows
value of <1% for all parameter modifications. The highest tensile strain at break value for paused
build non-HIPped samples was 0.96% using double scan method and the highest tensile strain at
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Figure 5.9. Tensile strain results of non-paused build and paused build (Non-HIPped and
HIPped) specimens
break value for paused build HIPped samples was 0.86%. The experiments performed by Rafi et
al. reported average strain at break value of 9.9% for vertically built EBM fabricated machined
specimens that is 8.76% higher than the non-machined vertically control specimens (average
tensile strain at break value was 1.14%) [79]. The two-sample t-test results showed no significant
difference for the tensile strain results obtained from non-HIPped and HIPped samples for same
build modifications. The tensile samples were as fabricated non-machined samples that can affect
the tensile properties of the fabricated specimens [81]. A surface roughness testing of EBM
fabricated part revealed the Ra value of 45.7 μm [82] that can work as a crack initiator and
responsible for premature failure. The vertical fabrication of the EBM fabricated samples shows
low tensile strain that may be due in part to microstructural changes; for instance, when analyzing
the microstructure of built components, the bottom sections adjacent to the interface of the tensile
specimens built exhibit overall higher α lathe widths in comparison to those of the interface
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adjacent the top section. Furthermore, in this experiment, the Ti-6Al-4V powder was not virgin
powder and it had been reused a significant amount of times which can cause deterioration of the
mechanical performance of built components. The reused powder can exhibit increased levels of
oxygen due to uptake during the EBM process. At a limit of ~0.33 wt% oxygen, the ductility of
Ti-6Al-4V manufactured by EBM can be substantially affected [83].
During testing, several of the HIPped specimens failed in regions away from the formed
‘stop and go’ interface. These specimens consisted of a total of ten specimens, and four from the
each of double and triple scan groups. The breaking of test specimens away from the interface
indicates the interface bonding strength obtained from ‘stop and go’ process can be comparable to
that of non-paused specimens.

(a)

(d)

(b)

(e)

(c)

(f)

Figure 5.10. Fracture surface obtained from tensile tested of non- HIPped specimen using build
methods: (a) single scan, (b) double scan, (c) triple scan, (d) single scan (zoomed in view), (e)
double scan (zoomed in view), and (f) triple scan (zoomed in view)
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5.5.2 Fracture surface analysis
Figure 5.10 shows the scanning electron microscope (SEM) images of the partial region of
fracture surface created after tensile testing of non-HIPped paused build samples. The single,
double, and triple scan non-HIPped fracture surfaces are shown in Figure 5.10 (a), 5.10 (b), and
5.10(c), respectively, and Figure 5.10 (d), 5.10 (e), and 5.10 (f) show zoomed in views of the
regions of the fracture surfaces indicated by the ellipses in the previous images ((a), (b), and (c)).
The small size dimples are present in the ductile fracture region. The presence of unmelted powder
particles can be seen in the SEM images. The triple melt sequence shows significantly lower
numbers of unmelted powder particles (Figure 5.10 (c)) in compare to single and double melt
sequence samples. The three time of scanning at the same layer of powder can contribute for
reduction in unmelted powder when triple scan melt sequence was performed.

(a)

(d)

(b)

(e)

(c)

(f)

Figure 5.11. Fracture surface obtained from tensile tested of HIPped specimen using build
methods: (a) single scan, (b) double scan, (c) triple scan, (d) single scan (zoomed in view), (e)
double scan (zoomed in view), and (f) triple scan (zoomed in view)
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Figure 5.11 shows the SEM images of selected regions of the fracture surfaces of the tested
HIPped paused build samples. The fractured single, double, and triple scan HIPped fracture
surfaces are shown in Figure 5.11 (a), 5.11 (b), and 5.11 (c), respectively, and Figure 5.11 (d),
5.11 (e), and 5.11 (f) shows the zoomed in view of the regions of the fracture surfaces circled,
respectively. In this case, the fracture surfaces show dimples with some pores disperse across the

(a)

(b)

(d)

(e)

(c)

(f)

Figure 5.12. Complete fracture analysis of the surface obtained from tensile testing of nonHIPped and HIPped specimens using build methods: (a) single scan (non-HIPped), (b) double
scan (non-HIPped), (c) triple scan (non-HIPped), (d) single scan (HIPped), (e) double scan
(HIPped), and (f) triple scan (HIPped)
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fracture surface. The HIPping process shows the lack of unmelted powder at the fracture surface
of tensile specimens characterized.
The complete fracture surfaces of representative non-HIPped and HIPped specimens are
shown in Figure 5.12. Figure 5.12 (a)-5.12 (c) shows the fracture surface of non-HIPped samples
of single, double, and triple scan, respectively. The presence of pores, voids, and dimples can be
seen in the fracture surface. The triple scan fracture surface shows less unmelted powder in
comparison to the other two scanning patterns. Some pores can be observed in the single and
double scanned samples. Figure 5.12 (d) -5.12 (f) shows the fracture surface of the HIPped
samples where no visible unmelted powder can be observed. Figures 5.12 (d)-(f) show the crack
initiation site starting from the edge of the specimens can be incorporated from any surface defects
presented due the surface roughness of the tensile specimens.
5.5.3 Energy dispersive X-ray spectroscopy (EDS) analysis
EDS analysis was performed to investigate the elemental constituents present of the
fabricated part in a quantitative fashion. The fabrication process was performed using three

Figure 5.13. SEM image of the ‘stop and go’ fabricated part where three yellow highlighted
sections represents the areas of EDS analysis
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Table 5.2. EDS analysis result
Build
method
Single
scan
Double
scan
Triple
scan

Area

Ti

Al

V

Area A (top section)
Area B (interface)
Area C (bottom section)
Area A (top section)
Area B (interface)
Area C (bottom section)
Area A (top section)
Area B (interface)
Area C (bottom section)

90.4
90.6
90.2
90.1
89.9
90.3
90.6
90.1
90

5.3
5.3
5.4
5.8
5.8
5.6
5.2
5.7
5.6

4.2
4
4.4
4.1
4.2
4.2
4.1
4.3
4.4

different build sequences: single scan, double scan, and triple scan and this can lead to differences
in elemental composition. For example, the content of aluminum could be reduced since
evaporation of this light element might occur during EBM processing of Ti-6Al-4V. An elemental
analysis was performed to investigate the effect on the constituents due to the additional melting
sequence that potentially increased the melt pool temperature and hence the evaporation of certain
elements. The specimen obtained from sectioning parallel to build direction of the ‘stop and go’
fabricated parts were viewed using a Hitachi Scanning Microscope SU3500 (Hitachi HighTechnologies Corporation, Tokyo, Japan) and EDS analysis was performed using EDS Systems
from Oxford Instruments, UK.
The EDS analysis was performed in three areas (indicated as area A, B, and C in Figure
5.13) of the ‘stop and go’ fabricated parts, including those that were subjected to single, double,
and triple melted sequences. Figure 5.13 shows the corresponding SEM image of single scan
specimen that represents the area of analysis of the fabricated part using single scan method. The
area A, B, and C represents top section, interface, and bottom section of the fabricated parts,
respectively. The results are compiled in Table 5.2 showing no significant variation of the
elements in the regions inspected, where Ti ranges from 89.9% to 90.6% (averaging 90.3% with
standard deviation of 0.2), Al ranges from 5.2% to 5.8% (averaging 5.5% with a standard deviation
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of 0.2), V ranges from 4.0% to 4.4% (averaging 4.2 with standard deviation of 0.1). The EDS
results show that the different melting sequences may not significantly affect the chemical
composition of the fabricated part.
5.5.4 Microstructure analysis
The microstructures of the Ti-6Al-4V parts fabricated using single, double, and triple scan
of Non-HIPped samples are shown in Figure 5.14. The top and bottom section of the part was
analyzed for microstructural change. The top and bottom section are defined by the distance of
~4 mm from the interface of the bonded test specimens. Lamellar like microstructure with
alternating α and β phases were observed in top and bottom section for all scanning conditions.
The microstructure of non-HIPped specimen’s top section of single, double, and triple scan are

Figure 5.14. Microstructure of non-Hipped sample, (a) top section of single scan, (b) top section
of double scan, (c) top section of triple scan, (d) bottom section of single scan, (e) bottom
section of double scan, and (f) bottom section of triple scan
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Table 5.3. Lath thickness results of non-HIPped specimens
Build method
Single scan
Double scan
Triple scan

Top section (μm)
2.4
2.0
2.3

Bottom section (μm)
2.4
2.6
3.2

showing in Figure 5.14 (a), (b), and (c), respectively, and bottom section microstructure of nonHIPped specimens of single, double, and triple scan are shown in Figure 5.14 (d), (e), and (f),
respectively. Table 5.3 shows the results of α lath thickness of the non-HIPped samples. The lath
thickness of α grain growth is higher in bottom section in compare to top section. A highest
difference of 0.9 μm in α lath thickness was observed in top and bottom section of triple scan

Figure 5.15. Microstructure of non-Hipped sample, (a) top section of single scan, (b) top section
of double scan, (c) top section of triple scan, (d) bottom section of single scan, (e) bottom
section of double scan, and (f) bottom section of triple scan

70

Table 5.4. Lath thickness results of HIPped specimens

Build method
Single scan
Double scan
Triple scan

Top section (μm)
2.7
2.8
3.2

Bottom section (μm)
3.6
3.7
3.2

sample. The α grain growth can be explained by the increase in heat exposure of the bottom section
[47]. The bottom section of the fabricated part using advanced ‘stop and go’ process experienced
longer heating time and higher temperature in compare to top section. The fabrication of top
section starts from relatively lower heating surface obtained from powder preheating, whereas, the
bottom section of the observed area experience heating exposure from subsequent melting
sequences along with powder preheating. Moreover, the bottom section underwent an additional
heating process during preheating of the powder after restarting the ‘stop and go’ process after
pause. Additionally, the increase in number of melt scan during fabrication process shows the
increase in the lath thickness of α grain growth of the bottom section. A highest difference of
0.8 μm in α lath thickness was obtained in comparing the bottom section of triple scan and single
scan. The higher the number of melt sequence increases the heating exposure of the part that can
attribute in α grain growth. The α lath thickness of top section of single, double, and triple scan
showed values of 2.4, 2.0, and 2.3, respectively, that indicates low change in grain growth. The
top section microstructure analysis was about 4 mm from interface whereas the melting sequence
was applied for about 0.3 mm that may not contribute in changing the grain growth for different
melting sequence.
The microstructure of HIPped specimen’s top section of single, double, and triple scan are
shown in Figure 5.15 (a), (b), and (c), respectively, and HIPped specimen’s bottom section
microstructure of single, double, and triple scan are shown in Figure 5.15 (d), (e), and (f),
respectively. The results of α lath thickness of the HIPped samples are shown in Table 5.4. The
HIPped samples show the similar α grain growth in bottom section in compare to top section. A
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maximum grain growth of 0.9 μm was observed comparing the bottom and top section of HIPped
double scan sample. The HIPped samples showed increase in α lath thickness in compare to nonHIPped samples. In this experiment, a highest increase of 1.2 μm α lath thickness was observed
for bottom section when comparing non-HIPped and HIPped single scan samples, whereas,
Mireles et al. [15] found an increase of 0.9 um α grain growth comparing HIPped samples to the
HIPped samples. Although, the α grain growth depends on the specimen location in the build
length [15], as the increase of α grain growth with the increase of build height is reported in
literature. As a result, the α grain growth may not be directly comparable with the different values
reported in the literatures. Mireles et al. [15] and Zhang et al. [84] described that the increase in
grain growth of the HIPped samples in compare to the non-HIPped samples is attributed to the
heating experienced during the HIPping cycle.
5.6 Conclusion
This Chapter showed an advanced ‘stop and go’ process using EBM technology that can
contribute by removing additional step of machining mask plate that can be difficult when
considering a complex shaped geometry. Thus, the fabrication becomes much faster and easier in
compare to the process described in Chapter 3 Section 3.2.3. The fabrication process creates an
interface joint that happened because of cooling down the fabrication process and restarting again.
A study of increasing the melting sequence (single, double, and triple scan) at the interface (for
0.3 μm) was performed and compared with the controls. The tensile testing was performed to
analyze the interface bonding of the specimens fabricated using ‘stop and go’ fabrication process
and a highest average UTS value of 840 MPa was obtained using double scanning method which
was 92% of the UTS value of control specimens. A fracture surface analysis was performed that
showed unmelted powder using all three melting sequence when considering non-HIPped samples.
The presence of unmelted powder at the interface indicates an improvement of interface joint needs
to be attained using an optimized build parameter set. Additionally, a study on effect of HIPping
process was performed and no visible unmelted powder was observed in the fracture surface. The
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microstructure analysis was also performed and a change in α grain growth was observed for
increase in number of melting sequence and HIPping process.
The advanced ‘stop and go’ can be beneficial in embedding sensor material in metallic
structure and multi-material fabrication process. The process gives the opportunity to start the
EBM fabrication process to start at any point of fabrication. The fabrication cost using EBM can
be lower by minimizing the rejection rate because of build failure. The fabrication can be
implemented in repair applications to restore just the worn out portion of the component that can
save manufacturing cost and time. For instance, Knoedler et al. presented an example of repairing
application, where a ~$25,000 new rotor can be repaired with a cost of ~4,000 [85].
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Chapter 6: Part Positioning Algorithm
6.1 Introduction
As it has been discussed in previous chapters, advanced additive manufacturing technology
refers to the use of these techniques, coupled with embedding of sensors, to fabricate multifunctional or smart part components, with applications in the aerospace, biomedical, and energy
systems to mention a few. The smart components can demonstrate functionality as transducers,
pressure sensors, temperature sensors, and as components in structural health monitoring systems.
The embedding of sensors, wires, sheets, and electronic components within metallic structures,
and the multi-material fabrication process can provide multiple functionality for metal parts, while
maintaining their structural strength [86].
During these advanced additive manufacturing processes the regular fabrication requires
interruption, such as when embedding the sensor. This can necessarily cause issues with the
alignment of the resulting component. Thus, a part positioning system is required to position the
bottom part in the build platform. The proper alignment of the smart parts can be critical for end
use applications and functional operation.

In this part of the research, the focus was the

development of an image analysis based part positioning to be implemented for alignment or
registration of the bottom part in the build platform during smart part fabrication with the EBM
technology.
Previously in Chapter 3, the technique for embedding a piezoceramic sensor in a metal
component fabricated by EBM was described. The embedding process required the removal of
the bottom part from the build platform of the EBM machine [87]. Terrazas et al. [88] showed
that the application of process interruption in EBM to implement a multi-material fabrication
process, resulted in misalignment values as high as ~325 μm. The process described making a
circular opening in the mask plate that worked as the fitting place for inserts as well as referencing
the electron beam [88]. In case of without the mask plate or circular shape or simple geometry,
the referencing of the electron beam in the powder bed can be a critical challenge for advanced
manufacturing using EBM technology. It is instructive now to recall that the regular EBM process
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Figure 6.1. Typical electron beam centering approach
uses a metal start plate as a substrate to begin fabrication. Figure 2.2 shows the schematic diagram
of the EBM technology and a brief description is available in Chapter 2.2 For this regular EBM
process, the electron beam is referenced to the center of the start plate which is indicated by
drawing a cross using a permanent marker (Figure 6.1). However, during smart part fabrication

(a)

(b)
Figure 6.2. Displacement associated with repositioning the part in the build platform (a) linear
displacement and (b) angular displacement
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(or ‘stop and go’ fabrication in general) the initial position of the bottom part cannot be retrieved,
after removing the plate to perform sensor embedding, for instance. After moving the part from
the platform, two types of alignments are needed.

First, the part center location (linear

displacement) needs to be identified (Figure 6.2 (a)). Secondly, the rotation (angular displacement)
also needs to be measured (Figure 6.2 (b)).
Touch probes and laser scanners are commonly used in coordinate system measurements
for alignment or referencing in computer numerical control (CNC) machining, robotic packaging,
and measurement devices. Ryll et al. [89] described the methods for rapid reconfiguration using
touch probe system for intelligent fixture system. Park et al. [90] proposed a touch probe with a
three degrees of freedom force sensor that has contact point error of ±25 μm. Touch probes [91]
and laser interferometers [92] are commonly used devices for tool alignment and error
compensation for five axis CNC machines. Although, the touch probes based coordinate machine
(CMM) and laser scanners show promise for part positioning and alignment, those systems may
not be suitable for part positioning purposes in EBM system. Several issues need to be considered
in integrating any measurement devices within EBM system. First of all, the integration of such
measurement devices requires additional space that may not be available within the envelope of
the EBM machine volume or prevent the normal operation of the system during fabrication.
Moreover, a portable measurements system can be introduced in the build platform and perform
the alignment of the part. The portable system will require a referencing system of its own within
the build platform that may require rigorous calibration process after installing each time. Second,
EBM fabrication process is typically performed at temperatures in excess of 800º C. At such high
temperature, most touch probe system will fail or require special shielding (for example,
temperature stability of a CMM machine can range from 15º C to 40º C [93]). Third, the EBM
fabrication process is performed under high vacuum, which can prevent the introduction of
measuring devices with electronics and other components for in situ measurement.
An infrared (IR) camera based image analysis technique can be a plausible solution for part
positioning and alignment during advanced manufacturing using the EBM technology. The IR
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camera can be used as a non-contact method during fabrication at high temperatures, thus reducing
or eliminating the need to calculate thermal expansion of complex components. Moreover, the
installation of the IR camera can be done external to the EBM system, such that it does not interfere
with the regular fabrication process. This chapter explains the process of resolving the alignment
or referencing issues using an IR image based analysis technique. An edge detection algorithm
was developed to obtain the part’s location following the process of removing and reentering of
the part into the powder bed. With the use of an IR camera, the IR images were obtained before
and after the part was removed from the powder bed to perform the proper displacement
calculations. The details of the calculations are given in the following section. The image analysis
based part positioning technique can be implemented in other additive manufacturing technologies
including selective laser melting (SLM) and binder jetting technology. The image analysis based
part positioning can revolutionize the embedding and multi-material fabrication process that can
contribute in advancing next generation fabrication process for aerospace, biomedical, automotive,
and energy systems industries.
6.2 Methodology
A MATLAB (MathWorks, Natick, MA) based image analysis algorithm was developed to
obtain the centroid location and angular rotation by comparing the obtained IR images before and
after the process interruption. Figure 6.3 shows the flowchart of the part positioning method
implemented. The process starts by obtaining IR images, their conversion into binary image
representations to enable edge detection and calculation of the centroid for a given image. The
linear and angular displacements of the part were calculated by comparing those IR images (before
and after interruption). The linear displacement of the part in X-Y plane was calculated by
measuring the change in the center location of the electron beam from one image (before the pause)
to the other image (after the pause). For the angular displacement, the detection of edges helped to
calculate the change in the angular position of the part, within the powder bed, and corrections to
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IR image acquisition

Conversion to binary image

Centroid location and linear displacement calculation

Edge detection and angular displacement calculation

Adjustments and resume fabrication
Figure 6.3. Flow chart of fabrication procedure for part positioning technique
the CAD model were performed, consisting of rotation of the model, to compensate for alignment
after resuming fabrication.
6.2.1 IR image acquisition
The IR images were obtained using a FLIR SC645 (FLIR Systems Inc., Wilsonville, OR)
IR camera. The IR camera was operated using a virtual instrument developed using LABVIEW
(National Instruments, Austin, TX). Figure 6.4 shows the IR camera set up on top of EBM build
chamber. The camera is placed on top of a Zinc Selenide (ZnSe) glass window (Edmund Optics
Inc., Barrington, NJ) that is protected using a shutter mechanism [94]. After each melting
sequence, IR images were obtained. The image acquisition continued until the build finished. The
fabricated part and powder bed showed color contrast in the captured image, as a result, the part
can be identifiable using the image analysis process (Figure 6.5). The reason behind the color
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Figure 6.4. IR camera set up
contrast displayed by the images is due to different emissivity of the fabricated part (solidified
metal) and the powder in the powder bed. As mentioned earlier, two sets of images were taken
before and after pausing the EBM system to identify the part’s movement within the build
chamber. A noteworthy point is that the IR camera was kept stationary (preventing any motion)
which minimized further position adjustment from being performed for the acquired images.
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Figure 6.5. Typical IR image obtained from EBM process using IR thermography

6.2.2 Conversion to binary image
The IR images were converted into binary image for part detection and image analysis.
Figure 6.6 shows an IR image (Figure 6.6 (a)) and corresponding binary image (Figure 6.6 (b)).
Any two-dimensional image can be divided into r number of rows and c number of columns. The
pixel value of any point in an image can be identified as the intersection of rows and columns. A

Semi-sintered
powder
Fabricated part

(b)

(a)

Figure 6.6. Image acquisition of the fabricated part, (a) IR image and (b) converted binary
image
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Table 6.1. Parameters for Linear displacement calculation

Centroid location
(Xcentroid,1,Ycentroid,1)
(Xcentroid,2,Ycentroid,2)

Before pause
After pause

binary image can be described in two levels: black and white. The black and white in a binary
image can have pixel value of 0 and 1, respectively. In this project, the object or part is identified
using white color (pixel value 1) and the rest is left as black (pixel value of 0) [95].
6.2.3 Centroid location and linear displacement calculation
The centroid location of the part was calculated using the binary values of each pixel of the
part. The detailed calculation is described in Chapter 2 Section 2.5.1. The centroid location of the
part was calculated for images obtained for both before and after pausing the EBM system. The
obtained pixel location of the part can be described using Table 6.1.
The linear displacement was calculated using the centroid pixel location of the fabricated
part before and after pausing the EBM system and converting the pixel difference into length
measurements. The pixel location data of the part using image analysis can be listed in the Table
6.1. For the initial centroid coordinate (before pausing the EBM system), the electron beam
position can be designated as (P1, Q1) (as shown in Figure 6.2 (a)). At initial setup, the center of
the electron beam is selected manually using EBM control panel and coordinates of the electron
beam can be retrieved from the EBM machine panel. The asterisk within the rectangular shape
shown in Figure 6.7 indicates the centroid location of the rectangular part and the centroid location
can be obtained using image analysis process described in Chapter 2 Section 2.5.1. After removing
the part from the powder bed, the electron beam needs to be repositioned to obtain the same center
of reference to continue fabrication. Assuming the new center reference has shifted due only to
linear movement until reaching the new coordinates (P2, Q2), these two coordinates can be
calculated using Equations 6.1 and 6.2, respectively,
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𝑑3
𝑑4

𝑑2

𝑑1
Figure 6.7. Calculation of conversion co-efficient. Four cylinders were considered for
calculation. The rectangular prism in the middle was the part intended to build for part
positioning
P2 = P1+ α×(Xcentroid,2 - Xcentroid,1)

(6.1)

Q2 = Q1+ α×(Ycentroid,2 - Ycentroid,1)

(6.2)

Where, α is the conversion co-efficient of pixel to mm values and explained briefly using
Figure 6.7.
The conversion co-efficient was calculated by fabricating four cylinders in the same build
volume of the part. The cylinders were 10 mm in diameter and 10 mm in height. The cylinders
were used for calculation of distance only and it was a sacrificial part of the build volume. Five
images at different five layers were considered and centroids of each cylinders were obtained using
the procedure described in Chapter 2 Section 2.5.1. Figure 6.7 shows the distances that were
calculated for calculating the α value for an image for a single layer. The ratio of actual distance
(D) in millimeters to that in pixels (d) for the centroid location of any two of the cylinders were
defined as the conversion coefficient from pixels to millimeters (α value) for a single layer. The
actual distance D was obtained from the CAD drawing of the part. Four centroid pixel distances
for the four cylinders, d1, d2, d3, and d4 (shown in Figure 6.7) were obtained. Now, 𝛼1 , 𝛼2 , 𝛼3 , and
𝛼4 values of an image were calculated using the following equations:
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𝛼1 =

𝐷
𝑑1

, 𝛼2 =

𝐷
𝑑2

, 𝛼3 =

𝐷
𝑑3

, and 𝛼4 =

𝐷
𝑑4

(6.3)

For a given layer, the average conversion coefficient 𝛼̅ value was calculated by the following
equation
𝛼1 + 𝛼2 + 𝛼3 + 𝛼4
𝛼̅ =
(6.4)
4
Finally, the overall or build 𝛼 value was obtained by the following equation
𝛼̅1 + 𝛼̅2 + ⋯ + 𝛼̅𝑧
𝛼=
𝑧

(6.5)

Where, z is the number of images considered for the calculation. Five images were
considered in obtaining 𝛼 value, resulting a pixel size of ~0.25 mm.
6.2.4 Edge detection and angular displacement calculation
The edge from the binary image was detected using Canny edge detection method [96].
The region of interest in an image was selected by manually selecting a bounding box. The pixel
positions were obtained by getting the coordinates of the edge and the angle was measured using
the equation for a slope. Similarly, a linear regression analysis was performed to obtain the slope
value of a certain edge using the following equation,
y = mx + b

(6.6)

Where, m is the slope and b is the y-intercept.
An inverse tangent function was used to obtain the angle of the edge from the value of m.
The rotation of the part was obtained by calculating the angle of the corresponding edge using
Equation 6.6 and corresponding values of R1 and R2, corresponding to the angle of the edge before
and after the pause, can be obtained.
The angular displacement of the part can be calculated by subtracting the angular position
using the following equation,
R = R1 – R2

(6.7)

Where, R is the angular displacement (or the change in the angle of a given edge) of the
part. Figure 6.8 shows edge detection and angle measurements used in the calculation of the
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angular displacement. The optical and corresponding binary image obtained before pausing the
EBM system is shown in Figure 6.8 (a) and 6.8 (c), respectively; and Figure 6.8 (b) and 6.8 (d)

Figure 6.8. Edge detection and angle measurement for angular displacement. (a) & (b) Optical
image taken from EBM build platform of before and after pausing the system, respectively, and
(c) & (d) binary image of the corresponding part of before and after pausing the system,
respectively. The blue bounding box represents the edge considered for angle calculation and
R1 and R2 are the calculated angle of the corresponding edges
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shows the optical and binary images taken after pausing the system, respectively.
When calculating the angular displacement, positive and negative values can be obtained
(following Equation 6.7). In this work, the positive angle was taken as clockwise rotation and
negative angular displacement counter-clockwise rotation of the part relative to the first IR image
taken. The obtained angle from Equation 6.7 was applied to the CAD model by rotating the part
in the X-Y coordinate systems according to the build platform.
6.2.5 Experimental method
The part positioning methodology was applied to two different parts; a cylindrical part and
a rectangular prism, which were fabricated individually using EBM system. The cylindrical part
positioning experiment was performed by using centroid detection and assisted with the
calculations for linear displacement. On the other hand, the rectangular prism part positioning was
performed based on both the shift in the centroid location and the angular change. Although in
this experimental design only the previously mentioned parts were used, this methodology using
image analysis is completely applicable to other complex shapes.
The experimental procedure started with creating the CAD model of the cylindrical part
and rectangular prism. The parts were fabricated halfway, and the EBM machine was paused.
During the deposition of layers, IR images were taken after fabrication of each layer was
completed. Then, the part was removed from the powder bed and manually placed inside the build
platform without having any point of reference; this was done to simulate the misalignment that
can happen during reinsertion of the component following the process interruption. After part
reinsertion, the preheating stage of the powder bed was initialized prior to the deposition of new
layers. The preheating process helps to remove residual stress, thermal distortion, and smoking of
the powder [97]. During the preheating stage, the IR images were obtained to calculate part
positioning. The centroid location and linear displacement were calculated using the equations
6.1-6.2 for both the cylindrical part and rectangular prism. The angular displacement was
calculated using equations 6.6-6.7 for the rectangular prism. During the same build, the four round
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Draw image in SOLIDWORKS

Get bitmap image using Netfabb

Calculate centroid using image analysis

Find the deviation

Figure 6.9. Experimental steps to find out the effect of part’s dimension and pixel size in image
analysis algorithm

bars were fabricated within the same build volume of the cylinder and rectangular prism for
calculating the pixel to millimeter conversion coefficient. The conversion coefficients were
calculated using equations 6.3-6.5. These four cylinders made to obtain the alpha values are in
essence an in situ calibration process for the fabrication process. In this calibration process, the
movements of the IR camera are accounted into the calculation. The IR camera remains stationary
for the entire fabrication process. As a result, the conversion coefficient remains constant
throughout the build.
6.3 Results and Discussion
6.3.1 Effect of variation in part’s dimension in an Image
The image analysis algorithm was validated for different dimensions of the part. The main
objective of this test was to verify the effect of the part’s dimension in an image. For this study,
the pixel size of the image was kept constant at 3544 × 3544 pixels. The test was performed using
different sizes of cylindrical image. Five different sizes of cylinders ranging from 25 mm to
125 mm were tested using image analysis process. Figure 6.9 shows the steps followed to check
the effect of part’s dimensions. The process starts with modeling the cylindrical shape part using
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SOLIDWORKS (Dassault Systemes, Waltham, MA). The center of the part was kept constant at
(0,0) in the build bounding box. The bitmap image of a slice of the cylinders was obtained using
Netfabb (Autodesk, San Rafael, CA). As the position of the center location of the cylinder was
constant, so the centroid location would be same regardless of the cylinder size. Figure 6.10 shows
the associated images and obtained results of the testing. The actual or theoretical centroid location
of the images in the cylinders was obtained by dividing the pixel size of the image in half. In this
case, the centroid location for all the images were at (1772, 1772), which is the half of total pixel
size (3544 × 3544) of the image. The deviation was obtained using the following equation,
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (%) =

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑐𝑒𝑛𝑡𝑒𝑟 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 − 𝑎𝑐𝑡𝑢𝑎𝑙 𝑐𝑒𝑛𝑡𝑒𝑟 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛
× 100 (6.8)
𝑎𝑐𝑡𝑢𝑎𝑙 𝑐𝑒𝑛𝑡𝑒𝑟 𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛

Figure 6.10. Effect of variation in part’s dimensions
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The calculated center location was obtained from calculation of centroid from the bitmap
image using image analysis process. The calculation was obtained for both the x and the y axis.
The highest deviation was obtained was 0.04 % that indicates slight deviation of the calculation
process from the actual values. The result also confirms that the deviation due to size variation
was within 0.04%.
6.3.2 Effect of variation in pixel size of an image
The effect of pixel size of an image was investigated in this test. A similar approach
described in Section 6.3.1 was followed in this experiment. The steps taken in this test are shown
in Figure 6.9. The process starts with making CAD model, obtaining the bitmap image, finding
out the centroid location of the cylindrical parts, and calculating the deviation. In this experiment,
the size of the part was kept constant at 25 mm. The pixel size of the entire image was varied
while the cylindrical part’s dimension was constant. Four different pixel sizes were used for this

Figure 6.11. Effect of variation in pixel size of the image
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experiment: 1182 × 1182, 1772 × 1772, 2363 × 2363, and 2953 × 2953 pixels. The cylinders were
kept in the center of image. As a result, the actual centroid location of the cylinders was coincident
with the coordinates of the pixel exactly in the middle of the image. The deviation was calculated
using the equation 6.9. Figure 6.11 shows the associated images and obtained results for different
pixels size images. The calculated centroid location was obtained using image analysis, and as
before the deviation was obtained for both x and y axis. The highest deviation in the centroid
location was calculated as 0.1 % for an image size of 1772 × 1772 pixels that confirms the
deviation obtained due to different pixel size was within 0.1%.
6.3.3 Error analysis of centroid location
A validation test was performed to check the centroid location accuracy during the ‘stop
and go’ process and to calculate the error associated with the measurements obtained using image
analysis. During experimentation and image analysis, some characteristics of the process can
influence the calculated values for the centroid location. For example, the thermal mismatch comes

Figure 6.12. Image of cylindrical parts fabricated to measure the centroid location of before and
after pausing the EBM system
89

from the temperature difference of the build volume before and after pausing the EBM system.
The expansion or reduction in size can affect the calculations for the location of the centroid in the
image. The centroid location error analysis test was performed by fabricating nine identical
cylinders with diameter of 10 mm and height of 10 mm. Figure 6.12 shows the image of the
fabricated part to measure the centroid location before and after pausing the EBM system. The IR
image was captured after the melting sequence of each layer. In these experiments, after pausing
the EBM process, the part was not moved in the build platform. As a result, the centroid location
of the part before and after pausing the system should theoretically be same. Nevertheless, the
centroid location measurement showed some misalignment using the image analysis technique.
Table 6.2 shows the centroid misalignment measurement captured corresponding to the images
taken before and after pausing the EBM system. The calculation of the centroid location of the
fabricated part was performed using the method described in Chapter 6 Section 6.2.3. The error
was calculated by subtracting the pixel location of before and after pausing the EBM system. The
difference in pixel value was converted to a distance of millimeters. The positive and negative
differences were obtained by subtracting the position value calculated of the images corresponding
taken before and after pausing the system showing the relative position of the part. The highest
misalignment obtained was 0.8 mm. The surface roughness of the fabricated part, thermal
Table 6.2. Percentage error associated with centroid location
Cylinder
1
2
3
4
5
6
7
8
9

Error along x axis (mm)
0.0
-0.1
-0.1
0.4
0.3
0.3
0.8
0.8
0.8

90

Error along y axis (mm)
-0.2
0.0
0.3
-0.2
0.0
0.2
-0.2
0.0
0.3

expansion error due to thermal mismatch, and movement of the part during the powder deposition,
or during raking of new layers of powder material, metallization of the ZnSe glass, can be the
sources of the misalignment observed in this experiment. Another point is that, the fabrication
process contained a total of 9 cylinders at the same time and all the parts may not have focused
properly. For example, cylinders 1-3 (situated in the 1st row of the 3x3 matrix or top section) have
higher accuracy than the cylinders 7-9 (3rd row of the matrix). This change in accuracy levels in
row to row indicates the possibility of defocusing of the IR camera in the later rows, due to the
camera location with respect to the build platform. The resolution of the camera can be another
source of error during image analysis. The high resolution gives lower pixel size, that way a high
level of accuracy can be attained. In this experiment, a pixel size was ~0.25 mm, as a result, the
calculation can have error associated in calculating edges from the image of a part. As a result,
high resolution camera can be a solution in obtaining edge information accurately and reduce error
associated with the calculations during image analysis stage.

Draw angular bars in SOLIDWORKS

Get bitmap image using Netfabb

Calculate angle using image analysis

Find the deviation

Figure 6.13. Experimental steps to validate angular rotation of the part using image analysis
algorithm
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6.3.4 Validation of angle detection using image analysis
The angle measurements were validated using image analysis process. Figure 6.13 shows
the steps followed to validate the angle detection process of the image analysis technique
implemented. Five different 15º, 30º, 45º, 60º, and 90º angular bars were tested using image
analysis process. Firstly, the angled bars were created using SOLIDWORKS software. Then, the
CAD model was sliced using netfabb to obtain the bitmap image of the angled bars. Figure 6.14
shows the bitmap image obtained for a single layer of the angular bars. The value of the angle was
calculated using the image analysis process as described before (detailed description is in Section
6.2.4). Then the values for the calculated angle and CAD model angle (actual angle) were used to
determine the deviation in this angular value. The deviation was calculated using following
equation,
𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (%) =

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑎𝑛𝑔𝑙𝑒 − 𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑛𝑔𝑙𝑒
× 100
𝑎𝑐𝑡𝑢𝑎𝑙 𝑎𝑛𝑔𝑙𝑒

(6.9)

The actual angle of the image is known from the CAD model. The calculated angle was
obtained from analysis of the bitmap images. Figure 6.15 shows the obtained deviation results.

Figure 6.14. Bitmap image of the angular bar used in angle validation using image analysis
process
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Figure 6.15. Bitmap image of the angled bar used in angle validation using image analysis
process
Three measurements were obtained for each image using the image analysis process. The
maximum deviation obtained was 0.5% obtained for the part with a 45º corresponding to a 0.2º
offset from the actual (CAD) value (45º).
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6.3.5 Analysis of angular displacement
Five different angular bars, oriented at 15°, 30°, 45°, 60°, and 90° were used in calculating
the angular displacement of the fabricated parts and compared with the image analysis calculation
obtained from the image.

The angular bars were fabricated using EBM technology and

measurements were taken using optical microscopy. The IR images were taken and the angles
measured using image analysis technique described in Section 6.2.4. Figure 6.16 shows the grey
scale image that was used to obtain the angle for one image. At least three measurements were
calculated from the image analysis and an average value was obtained. The fabricated angular
bars were measured using an OGP SmartScope Flash 250 (OGP, Rochester, NY) for optical

Figure 6.16. Grey scale image of angular bar used for angle measurements using image analysis
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Figure 6.17. Image of cylindrical parts fabricated to measure the centroid location of before and
after pausing the EBM system

measurement. Figure 6.17 shows the measurement technique using OGP SmartScope machine.
All measurements were taken three times. Table 6.3 shows the angle measurements obtained by
each method. A maximum difference of 1° was found for the 30° angular bar. Figure 6.18 shows
the zigzag pattern in the edges after the image conversion. The zigzag pattern is associated with
the resolution/sharpness of the image that can affect the calculated angle from the edge using image
Table 6.3. Calculations associated with angular displacement
Angle

Angle measured
using image
analysis (E1)

Standard
deviation

15°
30°
45°
60°
90°

14.3
29.0
44.0
61.1
90.0

0.1
0.3
0.5
0.4
0.0

Average angle
measured using
optical measurement
(E2)
15.0
30.0
44.8
60.3
90.0
95

Standard
deviation

Difference
= E2-E1

0.1
0.1
0.4
0
0

0.7
1.0
0.8
-0.8
0.0

Figure 6.18. Zigzag pattern observed in edge detection technique

analysis process. A high resolution IR camera can resolve the issue and more accurate
measurements are possible.
6.3.6 Misalignment results
The test pieces that were fabricated to evaluate the effectiveness of the part positioning
methodology, corresponding to the cylindrical part and the rectangular prism are shown in Figure
6.19. In these parts, a visible seamline indicates the pausing of the EBM system. The part was

(a)

(b)

Figure 6.19. Fabricated parts positioned using image analysis technique, (a) cylindrical part and
(b) rectangular prism
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moved arbitrarily in the build platform after pausing the EBM system and the methodology for
part positioning implemented. The misalignment was measured using the laser measurement
system of an OGP SmartScope Flash 250 (Rochester, NY). Figure 6.20 shows the measurement
setup for the cylindrical part (Figure 6.20 (a)) and for the rectangular prism (Figure 6.20 (b)). The
white fixture shown in the Figure 6.20 was used for easy alignment of the part under the laser
measuring system, as indicated in the schematic above each image. The laser scanning was
performed in a line along the part with the points taken 0.025 mm apart. The scanning result of at
least 8 mm was considered for the calculation from each side. The values obtained from the laser
scanner was averaged for each side and compared with the bottom part to top part.
misalignment calculation was performed using the following equation,
𝑀𝑘 =

∑ 𝐿𝑘,𝑏𝑜𝑡𝑡𝑜𝑚 ∑ 𝐿𝑘,𝑡𝑜𝑝
−
𝑁𝑏𝑜𝑡𝑡𝑜𝑚
𝑁𝑡𝑜𝑝

(a)

(6.10)

(b)

Figure 6.20. Misalignment measurement (a) cylindrical part and (b) rectangular prism. The
white bar was used to aligning and positioning the part
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The

Where, k represents scanning line number, L is the measured points from laser scanning,
N is the total number of points considered for the calculation, and M is the measured misalignment.
To measure the misalignment on the cylindrical part, 16 lines running along the height of
the part were used to take the measurements. These lines were spaced an arc length corresponding
to an average of 22.5°(Figure 6.20 (a)). Table 6.4 shows the misalignments values obtained from
the cylindrical part. The cylindrical part shows both positive and negative misalignments that
indicate inward and outward misalignment of the part, respectively, when viewed directly from
the top surface. Three measurements were taken at each line and the average was obtained. A
maximum misalignment of 0.17 mm was obtained in the cylindrical part from the calculations
obtained from Equation 6.10.
The rectangular prism was measured using 3 points in both top and bottom part at the edge
(Figure 6.20 (b)). The distance from top points to bottom points were measured using built in
functions of a MeasureMind 3D MultiSensor (OGP, Rochester, NY). Table 6.5 shows the
Table 6.4. Misalignment of cylindrical part

Position index
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Average misalignment (mm)
0.11
0.00
0.02
0.04
0.06
-0.01
-0.04
-0.17
-0.14
-0.08
-0.01
0.06
0.13
0.15
0.08
0.01
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Standard Deviation (mm)
0.07
0.01
0.04
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Table 6.5. Misalignment of rectangular prism

Side

Position

Side 1
Side 1
Side 2
Side 2
Side 3
Side 3
Side 4
Side 4

Inner
Outer
Inner
Outer
Inner
Outer
Inner
Outer

Average misalignment
(mm)
0.86
0.85
0.87
0.58
0.11
0.04
0.17
0.07

Standard deviation
0.11
0.09
0.02
0.02
0.05
0.02
0.08
0.03

misalignment results for the rectangular prism. The positive and negative misalignments represent
inward (top section is lower than bottom section) and outward (bottom section is lower than top
section) misalignment of the part, respectively. A total of 8 edges of the rectangular prism were
considered for calculation and 3 measurements were taken from each side. The reason behind
choosing the measurement from the edges was that for this component, the maximum
misalignment could happen at the edge. As a result, the measurements at the edges of rectangular
prism properly capture any misalignment during the build process. A maximum misalignment of
0.87 mm was obtained for the rectangular prism.
The misalignment already accounts for the level of accuracy of the EBM machine and the
surface roughness of the fabricated part. Safdar et al. reported the Ra value (defined as average of
absolute values obtained from each point’s deviation from the mean line) obtained from Ti-6Al4V parts fabricated using EBM machine as high as 0.017 mm [98]. Similarly, the EBM machine’s
accuracy level was reported as ± 0.40 mm [99]. The misalignment due to surface roughness can
contribute in two steps. First, it can affect the results obtained for the centroid and edge detection
during the image processing. Second, the observations using the optical measurement device (OGP
SmartScope Flash 250) picks up the surface roughness and affects the measurements taken. In
this sense, the alignment accuracy can be improved by capturing higher resolution images.
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6.4 Conclusion
This chapter has described methodology that was implemented to solve the part registration
of components fabricated during ‘stop and go’ additive manufacturing process. Although, the
focus of this research was to develop a method for EBM technology, this image analysis based
part positioning method can be employed in other additive manufacturing technologies as well.
To adapt this method for other AM processes, the IR imaging technique can be replaced with other
more affordable imaging systems.
In this work, it was demonstrated that the image analysis can be a great tool for AM
compared to the use of touch probes and laser systems. Image analysis offers in situ monitoring
system that can be used to detect any misalignment in any stage of the fabrication process. The
process here showed the methodology during the fabrication of two relatively simple designs
(cylindrical part and rectangular prism), although the concept can be equally applicable for higher
complexity parts. In the experiments performed, a maximum misalignment of 0.17 mm and
0.87 mm was obtained for the cylindrical part and the rectangular prism, respectively. The
misalignment results already accounts for the EBM machine’s accuracy and the surface roughness
obtained through this process. The seam line and misalignment of the part can easily be removed
by post processing (e.g., polishing and CNC machining).
The method described here, using analysis of images obtained from the powder bed, can
be a passage for obtaining multi-functional parts using advanced additive manufacturing
technology with applications that range from aerospace, biomedical, and energy systems.
Moreover, a part repair process using AM technology can be benefited from the image analysis
based part positioning method to align the part within the build platform to continue repair process.
The method presented here demonstrates a contact less part positioning method that can be useful
in advanced manufacturing systems, where additional instrumentation within the build chamber
may need to be avoided or requires a closed chamber for fabrication process.
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Chapter 7: Demonstration of Smart Part Fabrication with Application in
Energy Systems using Laser Powder Bed Fusion Technology
7.1 Introduction
The ability to monitor an energy system in real-time can be beneficial for obtaining
optimum system operation, higher efficiency ratios, and lowering NOx emission [100]. The
geometrical complexity of components used in such energy systems (e.g., swirler, air-fuel
premixer, injectors, joints, and flanges) makes it difficult to obtain the actual internal flow
conditions. Traditionally, these operational characteristics are predicted, through limited data
obtained by sensors located in the surface of the component, or through advanced modeling
techniques. Nevertheless, the surface attached sensors cannot give the actual condition of the inner
fluid condition and computational modeling requires advanced computing, time, and cost. On the
other hand, the application of embedded sensors during fabrication with additive manufacturing
(AM) techniques, can provide more accurate information of the conditions of the inner fluid. The
AM technology provides the opportunity of fabricating complex shaped geometry [101]. The
layer-by-layer fabrication process is suitable to allow the embedding of sensors into the component
being fabricated in any desired location. The research work presented in this chapter shows the
fabrication of a complex energy system component (fuel injector) into which a piezoceramic
sensor was embedded, close to the tip of the injector, to obtain temperature reading in real-time.
The fabrication process was performed using laser powder bed fusion (LPBF) technology.
The LPBF technology fabricates metallic structures by the application of laser energy to a bed of
metallic powder. The laser melts a layer of metal powder in a directed path generated from the
machine specific AM software. After finishing a layer, the powder bed moves down to a specific
layer height and melting sequence continues in a freshly spread metal powder [102]. The
fabrication process continues until the part is complete. In this experiment, an SLM Solutions
125 HL (SLM Solutions Group AG, Lübeck, Germany) was used for fabrication of the smart
injector.
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The smart injector contains internal conduits and narrow channels within its design.
During fabrication, the parts are typically covered in loose metal powder. The metal powder using
LPBF technology does not undergo any preheating steps. As a result, the powder within the
cavities and conduits can be easily removed from the metal structure fabricated using LPBF
technology in compare to other PBF technologies (e.g., electron beam melting). This chapter
describes the fabrication process of a smart injector using LPBF technology, microstructure
analysis, and testing of the smart injector in a combustion chamber. This experiment highlights the
fabrication of smart parts of a complex shaped part through the embedding of a piezoceramic
sensor.
7.2 Methodology
7.2.1 Materials
The smart injector was fabricated using Inconel 625 powder material from CARPENTER
Powder Products (Bridgeville, PA). The sensor assembly was performed using an alumina plate,
a PZT sensor material, stainless steel electrodes, and alumina tubes. The alumina tubes were used
to lead the path for the electrodes through the channel added in the injector design (Figure 7.1),
while it also effectively separates the electrodes from touching the metal structure and causing
electrical shorting.
7.2.2 Design of smart injector
Figure 7.1 shows the design of the smart injector with a maximum diameter of 60 mm and
height of 120 mm that contains air inlet of 2 mm and fuel inlet diameter of 3.5 mm. Figure 7.1(a)
shows the 3D view of the CAD model and Figure 7.1(b) shows the wireframe view of the smart
injector to highlight its internal design. Two sets of sensor cavity were designed to embed sensor
material in the smart injector for temperature measurements. During fabrication, alumina plates
were placed in between the sensor and the main metallic structure for insulation.

Two

thermocouples were placed in the injector to verify the results obtained from the embedded sensor.
The edges of the inner section of the smart injector were designed curved to avoid any support
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(b)

(a)

Figure 7.1. Design of smart injector (a) 3D view of CAD design and (b) wire frame view

structure generation during the smart injector fabrication. For metals AM, angled structures less
than 45º from the horizontal plane typically require support structures [103]. The support removal
of the parts fabricated using LPBF technology requires outside access to manually remove the
support structure, hence the design choices made reflected the need to keep supports to a minimum
or removed them altogether. An inner support structure becomes hard to remove from the
structure’s body. In this experiment, no inner support can be used as the support needs to be taken
off completely to facilitate fuel flow through the fluid channel. Furthermore, the round edges with
a fillet radius of 10 mm was added in the design that made possible the fabrication without any
support structure generation inside the cavity of the smart injector.
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7.2.3 Fabrication process of smart injector
Smart injector was fabricated using SLM Solutions 125 HL (SLM Solutions Group AG,
Lübeck, Germany). Inconel 625 was selected for fabrication given its properties that include high
strength and high temperature resistance. The fabrication process of the smart injector using SLM
technology is shown in Figure 7.2. The process started with fabricating an insert part that would
work to inhibit the sensor material inside the injector and also provided a planar space for the
continuation of the fabrication process following the process interruption. Then, the bottom
section was fabricated on the start plate (second image in the process diagram). During this
fabrication process in SLM, the partially build injector is attached to the start plate as the Inconel
625 effectively welds with the stainless metal plate used as substrate (Figure 7.3). Following the
fabrication of the bottom section, the sensor, insulating alumina plate, electrodes, and insert part
are stacked together in the predesigned cavity. After the sensor embedding process, the part was

Figure 7.2. Smart injector fabricated using ‘stop and go’ fabrication process
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placed again in the build platform and the build process resumed until complete. The fabricated
injector was then separated from the metal plate substrate using a bench saw or any other cutting
tool. The powder was removed from the injector using compressed air flow in the cavity and

(a)

(b)
Figure 7.3. Smart injector (a) partially fabricated and (b) complete fabrication
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further powder removal was performed using ultrasonic energy. In this experiment, two sets of
sensor assembly were used in both predesigned cavity to obtain functional sensor material.
7.2.4 Fabricated smart injector
The smart injector was fabricated using SLM Solutions 125 HL (SLM Solutions Group
AG, Lübeck, Germany). Figure 7.3 (a) shows the partially built SLM injector. The fabrication of
the SLM injector was paused at this level to insert the sensor assembly in the predesigned cavity.
The alumina tube was used to facilitate the electrodes insulating path for sensing response. The
electrode legs were folded inside the alumina tube to prevent it from exposure to the fabrication
chamber. Any outside wire can hit the powder recoater that can create build defect or even build
failure. The holes of the alumina tube were closed using alumina cloth to inhibit the sensor
assembly from metal powder. After setting up all the components in the required places, the start
plate was reattached to the powder bed. Then, the fabrication process was continued to complete
the fabrication process. Figure 7.3 (b) shows the completely fabricated smart injector. The smart
injector facilitated two sensor assembly and the exposed electrodes are visible in the Figure 7.3 (b).
7.2.5 Sample preparation for microstructure analysis
In order to perform a microstructure analysis, some components were fabricated following
the same methodology as that used for the smart injector. To produce these microstructure analysis
specimens, 10 mm cubes were fabricated by first depositing 5 mm, allowing the system to cool
down, to mimic the procedure for the ‘stop and go’, then the fabrication process resumed. The
sample was sectioned in parallel to the build direction. After rough polishing using SiC grit papers
(Struers, Cleveland, OH) and finer polishing with alumina (Al2O3) solution, the sample was
electro-etched by applying a 5V for 7 seconds by placing onto a chromic acid bath.
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7.3 Results and Discussion
7.3.1 Microstructure analysis
Figure 7.4 (a) shows the entire microstructure view of ‘stop and go’ fabricated part. Figure
7.4 shows the characteristic microstructure of Inconel 625 parts. Figure 7.4 (b), 7.4 (c), and 7.4 (d)
Top build

48 µm

(b)
Interface

22 µm

(c)
Bottom
build

BD
(a)

(d)

Figure 7.4. Optical microscopy images of different sections of the ‘stop and go’ part fabricated
using LPBF technology, (a) entire microstructure view, (b) magnified top build section, (c)
magnified interface section, and (d) bottom build section
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shows the optical images of microstructure of top, interface and bottom section, respectively. The
optical images (Figure 7.4) show the presence of melt pool features that are commonly seen in
parts fabricated using LPBF technologies. The top, interface, and bottom optical image show
similar microstructure formation. One change observed in the microstructure, that could be
attributed to the ‘stop and go’ process, is the change in the dimensions of the melt pool features
observed. For instance, the melt pool distance of top section measures an average of 45 μm,
whereas the interface shows the average melt pool size of 23 μm. A representative melt pool
distance is shown in Figure 7.4 (b) and 7.4 (c).

(a)

(b)

(c)

Figure 7.5. Smart injectors (a) traditional machining, (b) LPBF technology, and (c) EBM
technology
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Figure 7.6. Surface roughness (Ra) measurements

7.3.2 Surface roughness analysis
The surface roughness was measured to compare the LPBF fabricated parts with the
electron beam melting (EBM) fabricated and traditionally machined injectors. Figure 7.5 shows
the injectors fabricated or prepared using traditional machining (a), LPBF (b), and EBM (c)
fabrication processes that were used for measuring surface roughness. Evaluation of the surface
roughness is important since higher values of roughness can increase the pressure drop through
the channel of the injector effectively lowering its efficiency. The surface roughness (Ra) was
measured using a laser based optical profilometer. Figure 7.6 shows the surface roughness (Ra)
measurements obtained for EBM, LPBF, and the traditionally machined injector. The results show
that the EBM fabricated injector has the highest surface roughness among the three processes.
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Figure 7.7. Smart Injector testing in combustion chamber

Compared to the roughness of the machined injector, the EBM and SLM injectors had nominal
increases of about 7 and 3 times the surface roughness. The study conducted by Kandlikar et al.
showed the surface roughness effect in the pressure drop and discussed about the flow over high
values of roughness features induced recirculation and flow separation, thus creating the pressure
drop [104]. It is desirable to minimize the surface roughness to decrease the pressure drop due to
friction created from fluid flow.
7.3.3 Temperature testing in combustion environments
Figure 7.7 shows the smart injector testing inside a combustion chamber. The air and fuel
were supplied via the inlets in the injectors that were connected to the air supply and to the fuel
tank. During the test, the flame created at the top of the tip is visible in the Figure 7.7. The
combustion testing was performed to obtain the temperature readings at the tip of the injector, as
captured by the embedded PZT sensor. A thermocouple was placed at the tip of the injector’s wall
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Figure 7.8. Temperature results obtained from smart injector testing in combustion chamber

facing the flame, at the same distance as that of the sensor material form the tip of the injector to
compare the values obtained. Figure 7.8 shows the temperature readings obtained by both the
sensor and the thermocouple during the testing of the smart injector. To obtain temperature values,
a calculation was performed as described in Chapter 4 Section 4.2.5.
The testing result showed a highest temperature rise at the injector tip of ~120º C (as
captured by the thermocouple). By contrast, the temperatures captured by the PZT sensor showed
a maximum temperature of 107º C. Furthermore, the response time of the injector also seemed to
be affected as seen in a slower rise of temperature (lower slope) compared to the slope observed
in the temperature values obtained from the thermocouple.
This experiment demonstrated the ability to embed PZT into a metal structure to monitor
the operating temperatures. Nevertheless, these temperatures experienced by the PZT and the
thermocouple are low compared to the maximum attained by the burning flame for instance. With
this system though, any kind of thermal shock or backfire can be detected by monitoring sudden
or unexpected temperatures change to prevent detrimental effects during operation in power plants.
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7.4 Conclusion
This chapter has presented the experimental methodology employed in the fabrication of a
smart injector, as an example of a smart component with applications in complex energy systems.
The research demonstrated the embedding of a PZT sensor within the metal structure during
fabrication using LPBF technology. The research highlighted the fabrication of a complex shaped
geometry with added functionality. The smart injector was tested in a combustion chamber to
demonstrate the sensor functionality during its intended use. The smart injector was tested in
combustion chamber that reached up to 120º C. However, the response of the embedded sensors
while being exposed to high temperature conditions for longer periods of time is still required and
it will be the objective of future experimentations. This smart sensor work, shows the ability for
in situ and real-time monitoring of the injector conditions to detect back firing or abnormalities
during operation. Although, the research shows the feasibility of fabricating functional smart
component for energy systems, the method developed here can be beneficial in other arenas that
include the biomedical, the aerospace, and the automotive industries, where critical sensing
information is needed.
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Chapter 8: Conclusions and Future Recommendations
8.1 Conclusions
The research presented in this dissertation showed the embedding of piezoceramic sensors
within metallic structures using powder bed fusion (PBF) technologies. The method presented in
Chapter 3 showed the embedding of sensor material in a metallic structure fabricated using EBM
technology. The embedding of sensors can potentially prolong the sensor life span, while
providing in situ and real-time monitoring of complex systems that could be operating under harsh
environments (e.g., high temperature, high pressure, and corrosive environments). The layer-bylayer fabrication process of the PBF, and of AM techniques in general, is the critical technology
that allows the opportunity to embed the sensor in any desired location within the structure being
produced. In this work, several examples were produced, such as a cylindrical shaped smart part
that was fabricated as a proof of concept of embedding of sensors during EBM fabrication. With
the use of EBM technology, a ‘stop and go’ fabrication process was developed that consisted of a
normal process interruption allowing for the insertion of sensors during the system pause. In this
case, the sensitivity response of the embedded sensors was evaluated using a compressivecompressive test that showed the feasibility of employing the smart part in practical applications
including energy systems.
In a second example of the demonstration of the ‘stop and go’ technique, a smart tube was
fabricated using EBM technology to monitor and convey the fluid flow information while in
operation. Although, the fabrication process was limited to a simple tube design, other more
geometrical complex parts can be fabricated using the similar fabrication process, including
flanges, fuel mixers, diverters, complex connectors, and joints that can be part of higher
complexity and much larger energy systems. The use of these components will give the ability to
monitor temperature and pressure conditions in these systems to maintain efficient levels of
operation using real time monitoring and reliability by employing structural health monitoring.
Furthermore, the technique presented gives the opportunity to embed sensors in hard to reach and

113

critical locations. The monitoring of force and temperature can be used to trigger alarms and
prevent the system for reaching catastrophic situations.
The development of an advanced ‘stop and go’ fabrication process was also shown in
Chapter 5. That discussion centered on the elimination of the start plate that was required in
previous versions of the ‘stop and go’ process. As described in Chapter 3, previously, a mask plate
with half of the fabricated part was used and placed in the powder bed to continue fabrication. The
mask plate helps to avoid the contact of electron beam and metal powder that can compromise the
fabrication process through the occurrence of the powder spreading effect following charging of
the powder. Moreover, the fabrication process without the mask plate provided the opportunity to
create complex shaped part that may have required an extensive or precision CNC machining of
the mask plate. Nevertheless, this research advanced the methodology by implementing an
advanced ‘stop and go’ fabrication process that used incremental preheating steps to overcome
powder smoking inside the powder bed and discarded the use of a masking plate. The ‘stop and
go’ process created a distinctive interface joint due to the pausing of the EBM fabrication process.
The tensile testing was performed to analyze the interface joint created from ‘stop and go’
fabrication process. Three different parameter sets (single, double and triple melting scan) were
employed and post-processing heat treatment (HIPping process) was performed for interface
analysis. A highest average UTS value of 840 MPa was obtained using double scanning method
that was 92% of the control specimens. The fracture surface showed the presence of unmelted
powder that can be improved by developing build parameter set. The fracture surface obtained
from HIPped tensile specimens showed no visible unmelted powder. This advanced ‘stop and go’
fabrication process can open new opportunities for fabricating multi-functional end use parts
obtained by embedding sensor material or employing multi-material fabrication with higher
complexity in design of the part.
Another important contribution of this research work was the development of an IR image
based analysis to reposition parts after a process stop, as detailed in Chapter 6. This methodology
was devised for EBM since the high temperature (800ºC) of operation and the ultra-high vacuum
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(~10-4 torr) necessary for EBM fabrication process makes the part positioning difficult using
traditional metrology systems (laser scanning and touch probes). The research showed an in situ
and contact-less method to achieve part registration that works with the EBM fabrication process
and potentially can used for other AM systems including laser powder bed fusion (LPBF) and
material extrusion based fabrication process. The part position technique was employed on a
cylindrical part and a rectangular prism that was fabricated using ‘stop and go’ fabrication process.
The issues with metallization of view glass, surface roughness of the parts, and camera resolution
were addressed in this document that can affect the part positioning technique using image analysis
process. The use of high definition camera is a recommended solution to improve part positioning
accuracy. Although, the research concentrated on part positioning technique enabling EBM
technology, it can be employed in other AM technologies. Moreover, other imaging system can
be integrated to make the part positioning technique more affordable.
Finally, Chapter 7 discussed the development and application of the ‘stop and go’
methodology using LPBF. This work resulted in the fabrication of a smart injector having an
embedded piezoceramic sensor able to monitor temperatures within the metal structure of the
injector. The smart injector was tested in combustion chamber demonstrating the functionality of
the smart injector in combustion environments.
The research work presented here shows the embedding of sensor material in metallic
structure fabricated using PBF technologies. Although, the research works mostly focused on
fabricating smart components with applications in energy systems, the developed fabrication
process can also be employed in fabricating smart components for aerospace, automotive, and
biomedical industries. The fabrication method described here can enable the next generation
manufacturing of smart components. The end use components can not only serve the structural
functionality but also can display multi-functionality for various practical engineering
applications.
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8.2 Recommendations for Future Work
The recommendations for future work include:


Perform study of structural health monitoring of the components during operation.
In engineering applications, the structural components has to undergo different
conditions including dynamics loadings, temperatures, vibrations, impact, and
cyclic loadings. The structures may show crack growth or premature failure before
their expected service life and can create catastrophic event (e.g., complete
shutdown of the machine and risk of human life). An integrated real time structural
health monitoring system can predict any catastrophic event, and save money and
life.



Current fabrication process includes manual insertion of sensor material in the
predesigned cavity during embedding process. The manual embedding process can
include variables in the fabrication of smart parts. The variables include the prestressing of the sensor material and non-uniform positioning of the sensor material
within the structure. An automated robot handling process of the sensor in the
cavity of the structure can place the sensor with a predetermined force, at the same
time placing the sensor in accurate position within the structure.



In this research, the smart injector was not tested for a longer period of time. The
long term performance of the sensor material needs to be tested in accordance to
the life span of the component. As a result, a reliability test needs to be performed
for evaluating the sensor life in harsh environments.



A tensile testing study of interface bonding of the specimens created from ‘stop and
go’ fabrication process was performed in this study. Although, in engineering
applications, a component may experience dynamic loading conditions that needs
to be evaluated. As a result, other mechanical testing experiments, for example,
fatigue and impact testing can be performed to evaluate the interface joint.
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The part positioning method centered on the x-y plane movement and addressed
the alignment of linear and angular displacement. The tilting of the part in z
direction while placing the part in the powder bed can influence the dimensional
accuracy and interface bonding of the part. As a result, the study needs to be
performed to address the movement of the part in z direction or tilting.



The research showed the embedding of sensor material with wired connection to
obtain sensor responses that may not be viable in hard to reach areas. The
embedding of wireless sensors in metallic structure fabricated using AM
technology can be a futuristic manufacturing of smart components.
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